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agencies. 


abrasion tests. 


of the pellet abrasion test. 


and the viscosity of the asphalt. 


tests. 


Introduction 


HIS ARTICLE is the fourth progress 
report of a comprehensive study of the 
1ysical and chemical properties of a series of 
phalts produced for highway purposes. A 
‘tal of 323 samples from 105 refineries were 
lected in 1954 and 1955 by the State high- 
ay departments and sent to the Bureau of 
we_ablie Roads for study. The materials col- 
Jeted represented the greatest variety of 
iphalts used throughout the United States, 
i$ well as the greatest number of asphalts of 
1e different consistency grades available and 
‘sted in any one investigation. The first two 
ticles by the Public Roads Office of Research 
ad Development Staff at the Herbert S. 
airbank Highway Research Station included 
le commonly determined test characteristics 
‘ the 85-100 penetration grade (1)? and the 
milar test characteristics of other grades— 
amely, 60-70, 70-85, 120-150, and 150- 
‘tO (2). 
| The third article by F. S. Rostler and R. M. 
a Thite involved the determination of the 
ra 
uel 





yall | 





1 Presented by Mr. Halstead at the annual meeting of The 
ssociation of Asphalt Paving Technologists, Minneapolis, 
, Linn., Feb. 1966. 
2A division of Woodward, Clyde, Sherard and Associates. 
3 References indicated by italic Hhumbers in parentheses 
—'e listed on p. 29. 
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niluence of Ch 


roperties of Highway Asphalts—Part III, 
emical Composition 


By' WOODROW J. HALSTEAD, Chief, Materials 
Division, Office of Research and Development, 

BUREAU OF PUBLIC ROADS; and FRITZ S. ROSTLER 
and RICHARD M. WHITE, Materials Research 


Chemical analysis and laboratory abrasion tests were made on the 60-70 and 
120-150 penetration grade asphalts, which are a part of the 323 samples collected 
in 1954 and 1955 by the Bureau of Public Roads for study. Results of other 
studies on these same asphalts have been reported previously. Also studied 
were a group of viscosity-graded asphalts now being used for research by other 
The Rostler-Sternberg precipitation method was used for the chemical 
analysis, and the pellet test developed by Rostler and White was used for the 


Of particular interest was the relation between the compositional parameter 
(N+4:)/(P+A:) to durability as measured by the pellet test. 
consistency or viscosity of the asphalts on the relationship was also determined. 
Results on blends of asphalts having different compositions within the same 
grades revealed that both viscosity of the asphalt and composition as shown by 
the parameter (N+ A;)/(P+ 4,) were significant factors that affected the results 
A linear mathematical relation was derived by 
which abrasion resistance can be estimated from the composition parameter 


The influence of 


The relation of asphalt composition to behavioral factors, other than em-« 
brittlement, as measured by the pellet abrasion tests, were not shown in these 
But, data were obtained that can be related to on-going research by 
others on some of the asphalts included in the study discussed in this article. 


composition and changes in composition of the 
85-100 penetration grade asphalts (3). The 
theme of the investigation was based on the 
axiom that the properties of any material, 
including asphalt, are given by its chemical 
composition and physical state, and that 
changes in properties and behavior must 
parallel a corresponding change in chemical 
composition, and that it must be possible to 
predict properties and changes in properties 
from chemical composition. 

The principal finding reported was that 
the parameter (N+ A;)/(P-+ Az) expressive of 
the ratio of the more reactive to the less 
reactive chemical compounds in the asphalt, 
permits rating of the 85-100 penetration grade 
asphalts in groups of equal durability when 
that property is measured as the ability to 
cement aggregate. Nine durability groups 
were first proposed. Later work showed that 
the groups should be reduced to five (4). 

The research reported in this article was 
done under Bureau of Public Roads contract 
by the staff of Materials Research and De- 
velopment, a division of Woodward, Clyde, 
Sherard and Associates. The article was 
written by representatives of the Bureau of 
Public Roads and the contractor. This re- 
search was undertaken primarily to extend 
the composition studies described in reference 
(3) to the other penetration grade asphalts 


and Development? 


and to determine the general validity of the 
parameter (N+ A,)/(P+A:) as a means of 
estimating the quality of an asphalt from the 
standpoint of retention of its cementing 
characteristics measured by the pellet abrasion 
test. 

The objective of this article is to present a 
progress report and to make available to 
asphalt technologists the extensive collection 
of data obtained in the study, as well as 
conclusions reached to date. 


Tests Made and Materials Tested 


To gather sufficient data for a realistic 
analysis of the importance of chemical prop- 
erties of asphalts, all of the 60—70 penetration 
grade and 120-150 penetration grade asphalts 
used in previous studies (2) were analyzed, 
A group of viscosity-graded asphalts also were 
included in this study. They had been col- 
lected by the Bureau of Public Roads for 
cooperative studies with the Asphalt Institute, 
State highway departments, and producers of 
asphalt. The precipitation method of chemi- 
cal analysis, as described in 1962 by Rostler 
and White (3), was used. The constituents 
determined in the chemical analysis and the 
abbreviations used in this article, as well as 
in previous reports are: 

A= Asphaltenes: Constituents insoluble in 
n-pentane. 

N= Nitrogen bases: Constituents precipi- 
tated by 85-percent sulfuric acid. These are 
the most reactive components and include 
substantially all the nitrogen containing 
compounds. 

A,=First Acidaffins: Constituents precipi- 
tated by 98-percent sulfuric acid after removal 
of the nitrogen bases. These are essentially 
unsaturated resinous hydrocarbons. 

A,=Second Acidaffins: Constituents re- 
moved by fuming sulfuric acid (30-percent 
SO3) after removal of nitrogen bases and first 
acidaffins. These are slightly unsaturated 
hydrocarbons. 

P= Paraffins: Constituents that are non- 
reactive with fuming sulfuric acid (80-percent 
SO3). These are saturated hydrocarbons. 

The 1962 article and the author’s closure 
published in the 1962 Proceedings of The 
Association of Asphalt Paving Technologists 
provide a general summary of the significance 


of the chemical analysis method and its 
advantages and disadvantages. A further 
17 


Table 1.—60-70 penetration grade asphalts 


Asphalt composition, 


percent by weight tion 





number 
refraction, 


Asphalt identification 
tion ! 


Wax indica- 


Index of 


Paraffin frac- 


Percent loss in pellet abrasion 
test at 77° F. on asphalt 
mixture 2— 


Aged 7 days 

Average of 
original and 
aged 7 days 
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1+RT represents the presence of wax at room temperature. 
sl. RT represents the presence of a slight amount of wax at room temperature. 
Lice represents the presence of wax when temperature was lowered by use of crushed ice. 
—ice indicates that no wax was present in the paraffin fraction when temperature was 


lowered by use of crushed ice. 


sl. ice indicates presence of a slight amount of wax when temperature was lowered by 


use of crushed ice. 


2 Figures in parentheses are number of revolutions to 100 percent loss. 


review of the principles involved also has 
been published in the proceedings of the 
quality control conference, part II, sponsored 
by the Bureau of Public Roads in 1965 (4). 
In reference (4) details are given on the 
characteristics of the individual fractional 
components. This article is essentially a 
continuation of the work reported in 1962, 
therefore, reference should be made to the 
published discussion for a better under- 
standing of the principles involved. 

In addition to the Rostler-Sternberg analy- 
sis, tests were made for qualitatively deter- 
mining the presence of wax in the paraffin 
fraction, the index of refraction of the paraf- 
fins, and the pellet abrasion test at 77° F. for 
specimens after mixing (6 minutes at 325° 
F.) and after 3 days and 7 days of aging at 
140° F. Data from these tests are given in 
tables 1 through 8. The ranges of chemical 
compositions for each of the penetration grades 
are shown in table 4. Data for the 85-100 
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penetration grade previously reported in 
reference (3) are included. The content 
of any fractional component within each 
grade varied widely and, because of several 
interacting factors, specific relations cannot 
be determined by using data for single 
components. However, previous research had 
demonstrated that the parameter (N+ <A,)/ 
(P+ Ay2), expressive of the ratio of more to 
less chemically reactive components, controls 
to a considerable degree the retention by an 
asphalt of its cementing quality as measured 
by the pellet abrasion test. 

In figures 1 through 3, the average abrasion 
loss at 77° F. has been plotted against the 
ratio, (V+ A;)/(P+A:2). The average of the 
abrasion loss immediately after mixing and 
after 7 days of accelerated aging was chosen 
as a measure of cementing quality of the 
asphalt. This average was chosen as it repre- 
sents experimentally both the original ce- 
menting effect and the retained cementing 



























85-100 grade asphalts as published by Rostle 
and White in 1962 (3). For the 60-70 grag 
asphalts, scatter of the data is indicated j 
the range of parameters between 1.0 and 1. 
but a trend similar to that previously indicate 
for the 85-100 grade asphalts is shown. F 
the 120-150 grade asphalts the same trend jb 
apparent but the average abrasion loss } 
much less for equal values of the paramet¢d 
than indicated by the other grades. The da 
in figure 3 for the viscosity graded asphal 
show a shot-gun pattern. This lack of tren ! 
indicates that grading an asphalt by coi} 
sistency measured at one temperature an] 
rating its quality by performance measure} 
at another is not a fruitful approach. Aj 


ot 


of large variations in temperature suscept} 
bility, can have entirely different relatiyy 
consistencies at 77° F., at which temperature t] 
abrasion test wasrun. When thesame series 
asphalts is subdivided into groups accordir} 
to penetration or viscosity at 77° F., t 
viscosity graded asphalts show the same trer 
as the specimens of the penetration grade 
asphalts. 

The difference shown by the various pen 
tration and viscosity grades of asphalts aif. 
the spread of the data within each grow 
indicate a complex relation that is affected If 
other factors. One of these is obviously tif 
consistency, or viscosity, of the asphalt. TE) 
relation will be discussed later in more deta}, 

One of the major objectives of the stuc ) 
reported here was to evaluate the influen#f 
of the ratio of the more reactive to less 1 
active maltenes constituents (V+ A,)/(P+4 
on the cementing quality of the asphe 
measured by the pellet abrasion test ov 
a wide range of consistencies. Because 
the many tests that would be necessary 
test all asphalts at several temperatur 
tests were considered desirable on a limit 
number of typical materials that would n 
be related to a particular geographic orig 
To accomplish this objective, compos 
blends were prepared of the materials wit 
each penetration grade. Compositing 
done on the basis of five groupings, wh« 
composition parameters were: 

Group I, Minimum (0.54) to 1.00 

Group IT, 1.01 to 1.20 

Group III, 1.21 to 1.50 

Group IV, 1.51 to 1.70 

Group V, 1.71 to maximum (2.24) 
Group I 

The BPR numbered asphalts of the differ« 
penetration grades used in the blends 
Group I were: 

60-70 penetration grade (12 asphalts): 1 
135, 145, 150, 156, 158, 159, 160, 161, 1 
163, and 165. 

85-100 penetration grade (49 asphalts) : 
11, 16, 18, 19, 21, 22, 23, 26, 29, 30, 31, 32, 
34, 35, 37, 41, 42, 43, 45, 46, 47, 48, 49, 51, 
55, 56, 57, 58, 60, 61, 62, 63, 64, 65, 66, 
68, 72, 73, 75, 76, 77, 78, 79, 80, and 83. 

120-150 penetration grade (16 asphall 
204, 209, 215, 225, 228, 230, 231, 232, 2 
234, 235, 239, 240, 242, 244, and 245. 
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Table 2.—120-150 penetration grade asphalts' 
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230/19. 2}12. 5) 26. 3} 29. 7/12.3} +RT | 1.4797 0.92] O 0. 08 0.30) 0.15 K-5 19. 5|18, 3/23. 3/18. 4/20. 5) +RT 1.4790) 1.07 1.0 0.4 2.1 1 Ds 
icf ; K-10 |19. 2120. 3/25. 4/18. 5/16. 6] +RT |1.4805| 1.30 | 29 24 55 42 
231/24. 1/21. 4/15. 4/22. 3/16.8] tice | 1.4805) 0.94] 0.08] 0.02} 0.02) 0 K-20 |19. 2/21. 0/27. 3/18. 3/14. 2} + RT {1.4806} 1.49 | 83 80 100(385)| 92 
{uf 232/19. 1/13. 3/25. 6/30. 6|11.4) + RT | 1.4799} 0.93] 0.02) 0.05} 0.20] 0.10 K-40 |18. 7/22. 7/29. 4|16. 5/12. 7} +RT {1.4826} 1.78 |100 100(197)|100(114)|100 
. 233/29. 5/10. 5/19. 8/25. 3/14.9] + RT | 1.4770] 0.75] 0 0.2 0.2| 0.10 
\ielf 234/19. 8/12. 9|21. 6|26.8)18.9] +RT | 1.4802) 0.76] 0.02} 0.10/ 0.05) 0 L-5 |22, 4|13. 3/23. 4/27, 4/13. 5] +RT [1.4790] 0.90 | 0.10 | 0.10 | 0.12 | 0.11 
«¢ J 285/28. 1/10. 6/20. 2/26. 5)14.6) —+RT | 1.4764) 0.75) 0 0.02) 0.08) 0 L-10 23. 6/13. 7|24. 6/25. 312.3) + RT 1.4791] 1.01 | 0.70 | 1.6 | 18 9.4 / 
1-20 125. 3/14. 6/24. 1/25. 011.0] +RT [1.4800] 1.08 | 4.4 8 28 16 | 
ff 236) 6. 1/51, 2|51. 2/35. 2] 7.5| +RT | 1.4822} 1.20] 0.12} 0.08/ 0.49) 0.30 L-40 126. 7|15. 0/24. 2/24. 3] 9.81 +RT [1.4810] 1.15 | 25 60 87 56 
| 237/20. 3/16. 9|27. 6/19. 2/16.0| +RT | 1.4930] 1.26 1.9] 14 28 N13 
‘ph 238/91. 4|15, 1/25. 3/27. 0|11.2| sl. RT| 1.4801] 1.06] 1.8 11 4.8| 3.2 M-5 |17. 3/30. 8/15. 3/20. 3/16. 3] sl. RT |1.4851] 1.26 | 0.60 | 1.6 7 3.8 
239] 13. 9/19. 5/15. 2/29. 0/22. 4] —ice | 1.4970] 0.67} 0.84) 1.3 REPOS ae M-10|18. 6/30. 4/15. 4/20. 4115. 2| sl. RT |1.4850| 1.29 | 11 23 39 25 
240/18, 2/17. 2/21. 7/25. 0/17.9] +RT | 1.4803; 0.91] 0.12) 0 0.05} 0.08 M-20/19. 7/31. 5/14. 5/19. 914.4] + RT [1.4842] 1.34 | 21 27 44 32. 5 
NE 
| 241/13. 0/26. 5}28. 7/23. 7| 8.1) sl RT| 1.4846] 1.74] 0.59] 2.0 5.4] 3.0 N-5 |18. 1/34. 8/14. 118. 015.0] —ice [1.4890] 1.48 | 1.0 1.3 7 4.0 
IY | 242/90, 5}22. 0/15. 7/26. 2/15.6| +RT | 1.4843} 0.90] 0.22} 0.08) 0.34] 0.28 N-10 |18. 6|35. 2/15. 117. 2|13.9] —ice [1.4897] 1.62 | 3.2 | 12 49 26 
juny -243}15. 1/17, 5}29. 1)26,0)12.3) +RT | 1.4827 1,22) 0.15 0. 10 0.10} 0.12 N-20 |19. 9137. 2)13. 5/16. 712.7] —ice 1.4904) 1.72 | 30 53 100(355)| 65 
mY]  244\18, 6/15. 1/25. 4/30. 8/10.1) +RT | 1.4806] 0.99] 0.10} 0.08] —0..08|_- 0.10 
mil] 245)21. 9/13, 2/93. 7/29. 6|11.6] +RT | 1.4790| 0.90] 0.15} 0.15} 0.19) 0.17 O-5 | 9.738. 7/16. 3/20. 2/15.1| —ice [1.4863] 1.56 | 1.1 2.0 | 14 7.6 
: O-10 |11. 0/40. 515. 7/19. 9|12.9| —ice |1.4867| 1.71 | 19 37 60 39 
(246/27. 8|27. 0/20. 9|12. 611.7) +RT | 1.4792} 1.97] 1.2] 21 51 | 26 O-20 |12. 2/42. 0/15. 8/18. 4/11. 6| —ice 1.4868} 1.93 | 70 90 100(312)| 85 
vin] 247| 8. 1)39. 6/16. 322. 813.2) —ice | 1.4860] 1.55) 1.7 5.6 roy fd 0-40 |13. 5/42. 9115. 1]18. 210.3] —ice {1.4872 2.04 |100(390)|100(185)|100(94) |100 
“Pl 248/18, 0/37. 0/16. 5|16. 012.5] + RT | 1.4843| 1.88] 15 49 56 | 35.5 
pos} 249] 9.8/38, 9115. 2/21. 8]14.3| —ice | 1.4857] 1.50] 3 13 B20 147. 5 
; 250) 29. 4/26, 4/22. 4)12.4) 9.4) +RT | 1.4770 DADA (250 22 54 28 1+RT represents the presence of wax at room temperature. 
vit] 951}29, 1] 28. 4| 20. 6/12. 5| 9. 4 +RT | 1.4775 2.24) 2.3 44 54 28 sl. RT represents the presence of a slight amount of wax at room temperature. 
' —ice indicates that no wax was present in the paraffin fraction when temperature was 
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Table 3.—Asphalts graded by viscosity at 140° F. 






























































yd! +RT represents the presence of wax at room temperature. 


sl. RT represents the presence of a slight amount of wax at room temperature. 
—ice indicates that no wax was present in the paraffin fraction when temperature was 


_| + lowered by use of crushed ice. 


lowered by use of crushed ice. 


use of crushed ice. 
2 Figures in parentheses 


sl. ice indicates presence of a slight amount of wax when temperature was lowered by 


use of crushed ice. 


roup II 
The BPR numbered asphalts of the different 


13, and 117. 
4120-150 penetration grade (11 asphalts): 


roup If 


: The BPR numbered asphalts of the different 
enetration grades used in the blends for 
‘roup III were: 
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60-70 penetration grade (14 asphalts): 121, 
122, 124, 130, 132, 133, 188, 142, 148, 144, 146, 
147, 148, and 151. 

85-100 penetration grade (11 asphalts): 1, 
15, 25, 52, 71, 93, 104, 105, 110, 114, and 118. 

120-150 penetration grade (14 asphalts): 
196, 199, 208, 210, 213, 214, 217, 220, 222, 227, 
229, 237, 248, and 249. 


Group IV 


The BPR numbered asphalts of the different 
penetration grades used in the blends for 
Group IV were: 

60-70 penetration grade (3 asphalts): 149, 
152, and 157. 

85-100 penetration grade (6 asphalts): 5, 
14, 24, 91, 106, and 108. 


sl. ice indicates presence of a slight amount of wax when temperature was lowered by 


are number of revolutions to 100 percent loss. 


120-150 penetration grade (3 asphalts): 
221, 223, and 247. 


Group V 


The BPR numbered asphalts of the different 
penetration grades used in the blends for 
Group V were: 

60-70 penetration grade (6 asphalts): 120, 
127, 128, 129, 136, and 139. 

85-100 penetration grade (6 asphalts): 90, 
92, 94, 95, 96, and 99. 

120-150 penetration grade (10 asphalts) : 
197, 200, 201, 202, 207, 241, 246, 248, 250, 
and 251. 

As typical behavior was desired, those 
asphalts that had shown anomalous behavior 
in the previous research of Rostler and White 
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Figure 1.—Relation of average abrasion loss to composition parameter for 60-70 penetration 
grade asphalts. 
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Figure 2.—Relation of average abrasion loss to composition parameter for 120-150 pene- 
tration grade asphalts. 


(3) were not included in the composite blends. 
Also, because of the large number of 85-100 
grade asphalts that fell in Group I, some of 
these asphalts were not included in this 
composite. The groupings listed in the 
preceding paragraphs were selected after 
preliminary studies of blends of the 85-100 
penetration grade asphalts. Blends made on 
the basis of durability as defined in reference 
(3) gave a reasonable relation between compo- 
sition and abrasion resistance. However, 
these preliminary results indicated that the 
relative differences in asphalts measured by 
the pellet abrasion test did not justify nine 
groupings. It was also decided that groupings 
by chemical composition provided a more 
precise classification and was the more direct 
approach to testing the influence of compo- 
sition on performance. On the basis of 
previous study of data in which composition 


20 


was related to durability measured as loss of 
cementing power, it was postulated that the 
abrasion resistance would decrease as the 
group number increased. 


Precipitation Analysis 


One of the major advantages of the pre- 
cipitation method of analysis is that the 
results are contingent on the reactivity of 
the component groups, and independent of 
interactions or equilibrium considerations 
between different components. Good evidence 
supporting this fact is shown by the data 
given in tables 5, 6, and 7. These tables 
compare the analytically determined composi- 
tion of the composites for each penetration 
grade with the average calculated from the 
data on the individual asphalts included in 
the composites. The measured penetrations 
at 77° F. (tables 5, 6, and 7) for a number of 
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Pi ee PO led) 
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ree oT — aaa os Table 4—Smiallest: and largest amoung ‘ 
oe 
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each component present in individuj,, 
asphalts 


Asphalt number 
and largest 
amount 


Asphalt number 
~ and smallest 
amount 


60-70 PENETRATION GRADE 








85-100 PENETRATION GRADE 





Components: 
A 





120-150 PENETRATION GRADE 


Components: 
A 





ASPHALTS GRADED BY VISCOSITY AT 140° 





Components: 
A 





the blends are slightly outside the limits 
the grade represented. This difference \4‘y 
caused by heating the samples during 
blending process, as well as the fact that | 
blends were made with material remain§ 
after most of the other tests had been ecy 
pleted. As the purpose of these tests wast 
compare relative behavior, the deviations fr 
grade are of no consequence. 
The original chemical properties of W 
blends for each group within the 60-0) , 
85-100, and 120-150 asphalt penetra jy | 
grades are shown in table 8. This tel 
also shows the same properties for 
thin-film residues and for asphalt recovet 
from the abrasion test mixture immediaily fi 
after mixing and after 7 days of aging. ‘ik 
chemical properties shown include data o 
qualitative test for wax and the indexD 
refraction for the paraffins. The ratios 6 
highly reactive to less reactive compone f¥% 
(N+ A,)/(P+A2) are also given. de 


Fractional Composition . 


Figure 4 depicts, in the form of two set pf” 
bar graphs, the results of the fractic® 
analysis of the composite blends of the tl 
penetration grades of asphalt. The lower®e 
of bars shows the asphaltenes content bg 
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isphalts 








Penetration of original.-_|58 (61 |58 {60 |60 {61 





49 | Thin-film oven test 1 


ne) pet. loss__| 0.14) 0.08) 0.09} 0.05} 0.11] 0.05}+-0.01} 0.00} 0.38] 0.27 


‘x9 | Residue: 

94 Penetration at 77°F_|43 |43 |41 |41 {41 [40 
Percent of original 

2. penetration....___.|74 |70 |71 |68 |68 [66 





Percent loss in pellet 
abrasion test at 


77° F. on— 
original mix —2.-_ 22 0.35) 0.7 | 1.1 | 4.2] 3. 
Mix aged 3 days______- On S| O28 1534110; Lai 9) A522 
Mix aged 7 days____-__- 204 7 113 19.1 |45 40 
Average loss on original 
mixand mixaged7 days. 1.4 | 1.4] 7.1 |11.7 |24 |24 





ble 5.—Comparison of test result and calculated result for per- 
‘entage of components in blends of 60-70 penetration grade 
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penetration 
Percent loss in pellet 
abrasion test at 
77° F. on— 


Mix aged 7 days 
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tos] © = 

yepreent of asphalt. As shown, asphaltenes 
mtent varies without definite pattern from 
end to blend. This is true because the 
nount of asphaltenes present in an asphalt 
governed primarily by the amount and the 
Scosity of the other components, which 
spends on manufacturing procedures aimed 
* producing an asphalt of the specified 
sistency. 

Because of the variation in asphaltenes 



































N+A, 





P+A, 


jal! Figure 3.—Relation of average abrasion loss to composition parameter for viscosity 
; graded asphalts. 


content, the balance of the components are 
graphed in the upper set of bars as a percent 
of maltenes—total asphalt minus asphaltenes— 
rather than as percent of the total asphalt. 
This plot of the data shows that in all three 
penetration grades the nitrogen bases in- 
creased significantly from Group I to Group 
V; whereas, first acidaffins were relatively 
constant. The increase in the (N + Aj) por- 
tion from group to group was therefore 


Group Group Group Group Group 
I, blend | II, blend | III, blend|IV, blend | V, blend 
of 12 of 10 of 14 of 3 of 6 
asphalts | asphalts | asphalts | asphalts asphalts 
; 2 id Sy iu x \|s 2 | 2 id 
Aah Si eeea SSeS lees lal 
Ye, 3 aA 6 Ge 8\|aanl 8 SG. 5) aR 
a st Oat AS Sa PS Sa PAS Se Pe 
\;3 | Components: Components: 
nate -pet. by wt.-|24.8 |25.2 /24.2 |24.7 |21.8 |22.0 |14.9 [13.1 127.9 |30.2 A pet. by wt_- 
Dee eed do__--|14.4 |13.4 |17.0 |15.7 |23.0 |21.7 |26.5 |26.7 |24.7 [22.0 d 
log CX |e SO eto do___-]21.1 |22.2 22.8 |24.0 /21.1 |22.8 |24.9 |25.9 |23.5 |24.5 
oe ee do___-|26.1 |25.8 |24. 2 /23.9 123.2 |22.6 |23.3 |23.7 |17.2 |16.8 
| La aes do__-_{18.6 |13.4 11.8 {11.7 |10.9 |10.9 {10.4 |10.6| 6.7] 6.5 
A 
N+ : 0. 89} 0.91) 1.11) 1.12) 1. 29] 1.38) 1.53 | 1.53] 2.02) 2.00 


pct. loss__ 


1 


Oxiginalbmixoes-=- oon 0.3 | 1.6 5 ? 9.4 





Average loss on original 
mixand mixaged7 days_| 0.6 | 3.3 | 3. : 24 





Table 6.—Comparison of test result and calculated result for per- 
centage of components in blends of 85-100 penetration grade 


Group 
I, blend 
of 49 
asphalts 


Group Group Group Group 
II, blend | III, blend |IV, blend| V, blend 
of 16 of 11 of 6 of 6 
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Test result 
Calculated 


result 
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result 
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1 Residue from thin-film oven test 1-in. film, 5 hours at 325° F. 


primarily an increase in nitrogen bases. Both 
second acidaffins (A) and paraffins (P) de- 
creased from Group I to Group V, so the 
decrease in the (P + A:) portion from group 
to group was the result of a decrease in both 
constituents. 

The bars in figure 5 illustrate the changes 
in chemical composition during mixing and 
during aging for 7 days. Although no at- 
tempt was made to determine definitely how 
much of the changes was caused by volatility 
and how much by chemical reaction during 
mixing or aging, the close agreement between 
the compositions of the residues from the thin- 
film oven test and the residue after mixing, as 
shown by data in table 8 indicates that much 
of the change was caused by chemical reac- 
tion. This agreement of results is also in- 
dicative that the conditions chosen for the 
mixing in the pellet abrasion test, 6 minutes 
at 325° F., approximate the effect of mixing 
in commercial hot mix plants. 

For most asphalt blends the amounts of 
constituents, other than asphaltenes, either 
decreased or underwent no significant change 
during mixing and aging. The increases in 
asphaltenes therefore approximated the sum 
of changes in all other constituents. Gen- 
erally the largest decreases were in the first 
acidaffins. Usually only small changes oc- 
curred in the second acidaffins fraction, and 
paraffins essentially were unchanged for all 
blends. The content of nitrogen bases in- 
creased for some blends and deereased for 
others. This suggests that some of the reac- 
tion products from changes in other con- 
stituents are reactive with 85-percent sulfuric 
acid. Thus, the analytical result would be 
the net effect of two opposite changes. The 
general trend shown is for the total changes 
in composition to increase as the group num- 
ber increases—the most significant changes 
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COMPOSITION OF MALTENES, PERCENT 


PERCENT IN ASPHALT 


Figure 4.—Composition of asphalt blends shown by percent of asphaltenes in the blend 
and by composition of maltenes. 
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Table 7.—Comparison of test result and calculated result for per- 
centage of components in blends of 120-150 penetration grade 


asphalts 
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J .----pct. by wt 
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Percent loss in pellet 
abrasion test at 
77° F. on— 
Originalymnixe = ees 
Mix aged 3 days__.-_- 
Mix aged 7 days._.___- 
Average loss on original 
mixand mix aged 7 days_ 


1 Residue from thin-film oven test }4-in. film, 5 hours at 325° F. 
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being the decreases in the sums of nitrog¢ 
bases and first acidaffins. However, tl}* 
blends of the 85-100 grade showed almo}, 
uniform changes for all groups. 


Pellet Abrasion Test 


The pellet abrasion test, described prey} 
ously (3), was used to measure the relati 
cementing quality of the asphalts. Tel 
temperature was more exactly controlled |+ 
the study reported here. Also, tests we}, 
made over a range of temperatures from 40° . 
to 90° F. A detailed description of the pell 
abrasion test and the apparatus used is givij “ 
in a paragraph near the end of this article. } . 

Results of the abrasion tests, over the ran; 
of temperatures from 40° F. to 90° F. are givif * 
in table 9 for each of the three penetrati 
grade blends. Data are included on tes 
made immediately after mixing, after 3 da” 
aging of the mixture at 140° F., and after§ 4 
days of aging at 140° F. The test resulf . 
indicate the influence of consistency of t}- 
asphalt on the abrasion test results. Abrasif * 
loss varied from 0 to 100 over a relativel + 
narrow temperature range. Figure 6 illtg 
trates the average abrasion loss for t 
unaged specimens and the specimens after 
days of aging plotted against the rat§,, 
(N+ A,)/(P+ A) for each of the asphalt per 
tration grades at each temperature. Becau 
of the sensitivity of asphalt consistency 
temperature, only the pellet abrasion tests 
65° F. and 77° F. gave sufficient data betwe 
0 and 100 percent to be useful. Therefor 
the results at 77° F. were used for furth 
evaluation. Also 77° F. was used as t 
standard temperature for the abrasion evalu. 
tion for continuity with the previous work 
which this temperature was used. 

Because of the significant dependence 
abrasion resistance on the viscosity of t 
asphalt, the viscosities of the blends at diff 
ent temperatures were determined for a ran 
of shear rates. The viscosity data are giv 
in table 10. Figure 7 shows the square re q 
of the average abrasion loss at 77° F. plotth 
against the viscosity of the residues from t@ 
thin-film oven test loss at a shear rate of 0. 
sec.-! The trial and error method was us| 
to determine that the square root of t¥ A 
abrasion data gave better indication of relati} 
abrasion resistance than did the percentag 
loss. Also because the characteristics of t# 
thin-film residue are known to approxim:4.. 
closely the characteristics of the asphalts § 
the abrasion specimen prior to aging, the th 
film residue viscosities provide a more accur:® 
comparison than do the viscosities of t 
original blends. However, the general trer§ 
indicated by data in figure 7 also are shown ff 
figure 8 in which the abrasion data are plott} 
against viscosities of the original blends. T 
significant difference between data is a great 
separation of the curves for Group IV and/ 
asphalts in figure 8 than in figure 7. 

The relations indicated by data in figure; 
and 8 demonstrate that for asphalts of eq: 
viscosities the ratio (NV + A,)/(P + A») hall 
significant effect on the cementing quality ff 
an asphalt when the asphaltenes are relativ: 
constant. The effects of variations in 1 
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F gure 5.—Changes in composition of asphalt S00F 
“blends during mixing and after 7 days of aging 


at 140° F. 85-100 PENETRATION 
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10ount of asphaltenes or the average molecu- 100 
> weights of either the maltenes constituents 
asphaltenes have not been evaluated by 
ese tests as these properties did not vary 
‘™ bstantially in the series of specimens tested. 80 
lott etors such as those mentioned most likely 
1 ve an important effect on the overall 
‘\ havior of an asphalt as a binder in a pave- 
ent. 
The points represented by open circles on 
sure 8 are for the asphalts graded by viscosity 
140° F. These data are for the same 
phalts as in figure 3, which showed no 
‘lationship between abrasion loss and value 
‘lS! the compositional ratio (N -+ A,)/(P + A). 
th gure § data show that the lack of correlation 
‘as a result of widely different viscosities at 20 
i 0 ®. When the abrasion loss was measured 
i! temperatures at which the asphalts had the 


" me viscosity and was plotted against the 
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Scale parameter, good correlation was fo) an BS s as: ra re Ts ag ee 
el COMPOSITION PARAMETER faunas FOR PENETRATION GRADE BLENDS (PGB) 
uf Analyses of Data 
As part of the contract under which the Figure 6.—Relation of average abrasion loss at different temperatures to compo~ 
ut}search discussed here was performed, some sition parameter for blends of indicated penetration grades of asphalts. 
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Table 8.—Components and chemical properties of asphalt blends 
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60-70 PENETRATION GRADE BLENDS 








24.0 (25.5 20.5 
20.9 
20,2 
22.4 


11.0 


24.2 27.4 
14,7 
22.0 
24.0 


11.9 


30. 0 
16.5 
19.1 
22.6 
11.8 


21.4 
10.2 





1950 8 111.8 10.8 10.2 {10.4 


0200 meee 1.02 {1.03 1.24 {1.23 1.47 {1.50 {1.52 





Paraffin fraction: 
Wax indication ! +RT 
Index of refraction. ----] 1.4812 


+RT| +RT|) +RT| +RT| +RT| +RT 
1, 4843) 1. 4844| 1.4812} 1.4810) 1. 4812/1. 4809 
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85-100 PENETRATION GRADE BLENDS 
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120-150 PENETRATION GRADE BLENDS 





Paraffin fraction: 
Wax indication 1 


+RT 
Index of refraction 


1. 4822 


+RT 
1. 4828 


+RT 
1. 4820 


+RT 
1. 4822 


+RT 
1.4816) 1 


+RT +RT| +RT} +RT} +RT) +RT} +RT +Ri 
1. 4816 1.4830) 1.4824] 1.4827] 1.4804] 1.4812) 1.4802) 1. 4801 
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1+KT represents the presence of wax at room temperature. 


Table 9.—Abrasion characteristics shown by pellet abrasion tests on asphalt blends ! 








































































































Group I, percent loss in test Group II, percent loss in test Group III, percent loss in test Group IV, percent loss in test Group V, percent loss in test 
Pellet 
abrasion Aver- Aver- Aver- Aver- Aver- 
test re, : 4 age, i age, age, age, age, 
tempera- Origi- | Mix Mix origi- | Origi- | Mix Mix original} Origi- | Mix Mix original] Origi- | Mix Mix joriginal| Origi- | Mix Mix jorigina 
ture,” F. nal aged aged jnal mix} nal aged aged |mixand] nal aged aged |mixand}| nal aged aged /mixand| nal aged aged |mix an 
mix | 3days| 7 days jandmix| mix | 3days|7days| mix mix | 3days|7days| mix mix |3days}7days| mix mix |3days|7days| mix § 
aged 7 aged 7 aged 7 aged 7 aged { 
days days days days days 
60-70 PENETRATION GRADE BLENDS 
(51 leaden 100 (278) 100 (264) 100(249) | 100 100 100(198) |}100(105)} 100 100 100 (150) |100(103)} 100 100 100(118) |100(110) |} 100 100 100( 72)/100( 93) |100 
11 Fe 79 100(416) 100(303) 90+ |100(328) | 100 (223) |100(195) |} 100 eee 100(143) |100(165)} 100 100 (154) |100(165) |100(126)| 100 100 (280) |100(158) |100(¢ 88) |100 
65.-- e 9 : 13 36 22.5 34 67 80 57 87 100(441)| 81+ 73 sees, 100(418)} 87+ 81 100(279) |100(211)| 91+ 
(Ue SNe 0. 35 0.5 2.4 1.9 en A | 13.0 FO a 6 9 45 24 nly? 62 40 33 74 96 65 
OO SE eo)! (OE 12 0.0 0. 05 0.1 Oel2 0, 12 0, 20 0. 2 0. 05 0. 18 0. 80 0.4 0. 45 us rf Qa0 1.6 tens 12 53 27 
85-100 PENETRATION GRADE BLENDS 
AOS 100 (347) 100(260) 100(184)|} 100 100(282) |100(180)|100(112); 100 100(174) |100( 80)|100( 638)) 100 100(170)|100( 91)|100¢ 70)} 100 100(125)}100( 80) /100( 43) |100 
50....----| 87 93 100(410)) 944+ | 99 100(240) |100(200)| 100 |100(250)/100(171) |100(100)} 100 —-|100(246) |100(142)|100(115)| 100 — /100(246) |100(134) |100( 94) |100 
65__-.-.-. fe 24 29 18 33 65 87 60 64 96 100(395)| 82 72 98 100(310)| 86+ 79 100(283)|100( 94)| 90+ 
(eee 0.3 0.6 0.9 0.6 0.7 2.1 6.0 3.4 10 27 53 31 22 49 69 46 29 77 96 63 
DO Ree. 0 0.1 0.3 0.1 0 0. 2 0.1 0.1 0 0.7 0.2 0.1 0.3 1.6 ll 5.6 0.4 8.7 29 15 
120-150 PENETRATION GRADE BLENDS 
Ae, Or 81 100(388) '100 302) 91+ 100(399) 100 (235) |100(216)} 100 igri 100 (224) |100(173)} 100 100 (326) ple at 100(140)| 100 96 100(127)|100( 96); 98+ 
Megas 43 66 | 86 65 66 99 100(440)| 83 100(253)/100(318)} 93+ |160(418) 100(22 27) |100(203)| 100 100485) Moe 100(215) |100 
65__. ~ 0. 3 Sa a ee a: 1,8 4.6 22 34 19 f 39 61 36 35 90 62 34 100(403)| 67 
iy 0.15 0, 25 Qo 0. 12 0.1 1 be! 0 DL 0.2 1.4 ai | 1.2 0.9 of 29 15 0.9 Hs 48 24 
| 0. 02 0. 02 | 0. 10 0. 06 0 0. 02 0. 02 0 0. 02 0. 10 0.10 0. 06 0. 05 0.5 0. 4 0. 22 0.15 0.5 1.3 0. 72 




















1 Figures in parentheses are the number of revolutions to 100 percent loss. 
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APPARENT VISCOSITY OF RESIDUE FROM THIN-FILM OVEN TEST, MEGAPOISES (0.01 SEC;' SHEAR RATE) 


test temperature. 


alyses of data were conducted that have 
it been reported in detail. One of these was 
computer analysis of the data to determine 
iether a more significant relation between 

e abrasion resistance and composition could 
obtained mathematically, rather than 
—jperimentally. Relations with single con- 
_ ituents or ratios of single constituents were 


-y/plored. Results showed that the ratio N/P 


“btained by use of (N+ A,)/(P+ A.) with 

e latter ratio being slightly superior. 
_the effect of changing coefficients for N+ A, 
id P+ A, was also explored, but no improve- 
ent over the 1 to 1 ratio was obtained. An 
tempt to find mathematically the best fit 
r the data by calculating a power index gave 
ie form: 


q ; (N/P-+-8)4-?(A,/N—0.7)9-¥4 
Power index= era (iP 


bviously such an expression has no practical 
gnificance nor is it theoretically founded. 
1 any event, plotting this parameter and 
shers obtained by computer analyses showed 
9 advantage over the parameter (N+ A,)/ 
P+ A.) arrived at from chemical considera- 
ons. The exploratory computer analysis 
yducted was concerned only with relations 
the different fractions in the maltenes to 


a7 
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abrasion resistance measured by the pellet 
abrasion test. Consideration was not given, 
in the study reported here, to the relation of 
chemical constitution to other characteristics 
of the asphalt or the effects of asphaltenes. 

Another analysis of the data involved the 
computation of a general linear equation to 
calculate abrasion loss as a function of vis- 
cosity and composition. The data measured 
on the composite blends was the basis of the 
computations. Calculations were made using 
the portion of the S-curve for square root of 
average abrasion loss related to viscosity in 
poises at 0.05/sec. shear rate, which approxi- 
mated a straight line—the portion between 1 
and 99 percent. Using the least squares 
method for obtaining the best fit, separate 
curves for each group of asphalts were 
calculated as follows: 


Group I: 
. abrasion loss 


Group IT: 
average abrasion loss=5.95 log 7 —34.8 


Group III: 
Vaverage abrasion loss=4.68 log 7 —24.6 


Group IV: 

Vaverage abrasion loss =4.93 log » — 24.9 
Group V: 

Vaverage abrasion loss=3.67 log 7 —16.1 


=6.74 log 7 —42.6 


It is apparent from these equations that 
the slope of the line and its relative location 
is a function of the value of the ratio (V+ A,)/ 
(P+ A2), as this is the difference between 
the groups. When the slopes and constants 
were plotted against the value of the ratio 
for each blend, a general relation was obtained 
by which the five equations could be reduced 
to a single equation. 


V Average abrasion loss 
eee N+ Ay 
=log n Doe: Orprieg. 


N+ Ai 
P+ Ap 





)+24( )—61.5 


This equation provides a means for predicting 
the abrasion resistance when the composition 
and viscosity of an asphalt are known. Com- 
parisons of measured data with calculated 
data showed that for the blends most results 
agreed to within +15 percent, and for the 
viscosity graded asphalts result agreements 
were within the band of -+20 percent. 
Figures 9 and 10, respectively, show these 
two relationships. Although calculated re- 
sults greater than 100 percent or less than 
zero have no true significance, these results 
are shown in figures 9 and 10 for comparison. 
This degree of agreement between calculated 
and measured results suggests that an alter- 
nate procedure for measuring abrasion re- 
sistance could be devised that would per- 
mit better overall evaluation. Some _ pre- 
liminary studies were conducted using the 
weight loss per revolution for such an evalua- 
tion. This approach eliminates the zero 
and 100 percent loss figures and provides 
characteristic values for all asphalts. 

Figure 11 data are an example of the im- 
provement in test results available by use of 
this refinement in the abrasion test. The 
curves show percent average abrasion loss 
per revolution against the parameter (N+ A,)/ 
(P+ A.) for the 120-150 penetration grade 
composite blends. The individual curves 
are for the different temperatures at which 
the tests were run. The improvement ob- 
tained by this approach to measuring abrasion 
resistance is strikingly brought out by the 
fact that all data above the line of 0.2 percent 
loss per revolution were previously reported as 
100 percent loss (fig. 6). The same general 
pattern was shown by data from other 
penetration grades. 


Chemical Composition Related to 
Physical Characteristics 


The relationship between the _ ratio 
(N+ A;)/(P+A2) and the durability of an 
asphalt as a cementing agent was originally 
postulated on the basis of the logical assump- 
tion that durability must be related to a 
parameter expressive of the ratio of reactive 
to nonreactive components. The product is 
less durable and more susceptible to embrittle- 
ment as more of the reactive components 
(N+ A;) are present in an asphalt. It was 
neither postulated nor assumed that the 
parameter (N+ A;)/(P+A:2), should be or 
could be indicative of any property of as- 
phalts except one that logically can be related 
to chemical reactivity. No attempt was 
made, therefore, in the study reported here 
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APPARENT VISCOSITY OF ORIGINAL ASPHALT BLENDS, MEGAPOISES (0.05 SEC—! SHEAR RATE) 


Figure 8.—Relation of abrasion loss to original asphalt viscosity at abrasion test 
temperatures. 





























A/PERCENT AVERAGE ABRASION LOSS, PREDICTED BY SINGLE FORMULA 
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A /PERCENT AVERAGE ABRASION LOSS, MEASURED ON 
COMPOSITE BLENDS 


Figure 9.—Relation of abrasion loss pre- 
dicted from single formula to measured 
abrasion loss of blends of penetration 
grade asphalts. 
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PERCENT AVERAGE ABRASION LOSS, PREDICTED BY SINGLE FORMULA 
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/ PERCENT AVERAGE ABRASION LOSS, MEASURED ON 
VISCOSITY GRADED ASPHALTS 


Figure 10.—Relation of abrasion loss pre- 
dicted from single formula to measured 
abrasion loss of viscosity graded asphalts. 

























to correlate this parameter with any prope 
other than embrittlement. 

It can, however, be expected that parat 
ters also can be developed to relate ot}prs 
properties, such as viscosity characterist lid 
to composition of the asphalt. A paramé 
for viscosity characteristics logically wojgi! 
have to be based on viscosity characterisi}ja 0 


components, A, P, and N and their molect}h« 
weights should have significant effects on } fly 
relation. The data in this article provpm 
some of the measured values that can be Ufy 
in such further research, but they are § 
sufficient for determining the specific relati 
that might exist. 

The data presented for the viscosity gra 
asphalts provide information on the chem 
reactivity of the components of these asphi 
and are available for comparison with ot 
data now being developed by other research 
These other data include chromatogray 
separations, molecular weights, and intel 
tions with aggregates. Hopefully, the ac 
tional information will permit a sorting 
of all important relations so that a cif 
understanding of the role of chemical cf 
position on the performance of aspl 
eventually can be attained. 


Summary 


A significant effect of asphalt composit 
was determined, by the precipitation met! 
of fractional analysis for asphalts, from d 
collected in the study discussed here. ‘ 
viscosity of the asphalt significantly affec 
the results of the pellet abrasion test but cc 
parisons made on the basis of the same aspl 
viscosity also showed that abrasion resista 
decreased as the value of the param 
(N+ A,)/(P+ Az) increased from a minim 
of about 0.5 to the maximum measured 
this study, 2.24. In other work by Ros 
and White they have reported that for s 
thetic asphalts abrasion resistance increé 
rapidly as the ratio falls below 0.4 because 
excess of saturated or nearly saturated c 
ponents tends to destroy the cohesive foi 
within the asphalt. Similarly, very. 5 
abrasion resistance is the result of an ex: 
of highly reactive components that degr 
rapidly. 

Data are not now sufficient to estab 
exact limits for the parameter (N+, 
(P+ A»), that will provide for acceptable f 
performance of an asphalt as a_ highy 
binder. However, evidence indicates tha 
ratio within a range of 0.8 to 1.5 prodt 
materials of good original and retained cem«e 
ing quality. The spread of results for al 
sion resistance for asphalts having ec 
viscosities and equal values of the parame 
as well as a lack of general correlation 
parameter value with other physical 
characteristics of the asphalts, emphasizes 
role of factors not measured by these test 
such factors as the quantitative amount 
asphaltenes and the molecular weights of 
constituents. 
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An equation, taking into account, both 
nsistency and chemical composition of the 


Bphalt has been developed. This equation 


presents a first approach to a generally 
yplicable mathematical expression for deter- 
inherent susceptibility of an 
phalt to embrittlement. The fact that 
ta obtained on asphalts of widely different 
igin, consistency, and composition could 
fitted into a reasonably narrow band 
ustrated the dependence of durability on 
ith composition and viscosity. 

Physical and chemical data believed to be 
aracteristic of present day asphalts have 
en measured on a large collection of asphalt 
These data provide an extensive 
cumulation of figures that can be further 
alyzed and compared with findings of 
er workers in the field. 


ASPHALT IDENTIFICATION 


For the convenience of researchers who may 
sh to compare data from this study with 
ita from other studies, a cross-reference for 
e different identification numbers of the 
scosity graded asphalts is'shown in the 
Nowing tabulation. The original Bureau of 
iblic Roads numbers and the numbers 
signed by The Asphalt Institute are shown. 


The 
BPR Asphalt 
laboratory Institute 
number number 


Asphalt code number 


Table 10.—Viscosity of asphalt blends at different temperatures and shear rates 





Viscosity, megapoises 
































Tempera- | Shear Group I Group IL Group III Group IV Group V 
ture, ° F. rate 
sec.-! 
Thin- Thin- Thin- Thin- Thin- 
Blend film Blend film Blend film Blend film Blend film 
residue ! residue ! residue ! residue ! residue 1 
60-70 PENETRATION GRADE ASPHALT BLENDS 
00 Soe ee 0.1 1, 23 2. 57 0.98 3. 48 0. 63 2.45 0. 43 1.10 0. 70 2. 55 
0. 05 1,32 2.97 1, 02 3.85 0. 68 2. 62 0.42 1.10 0.78 2. 82 
0. O1 1. 60 4. 20 1. 09 4.80 0. 69 3.05 0. 40 1.10 0. 97 3. 50 
0. 001 2. 08 6. 85 1.22 6. 60 0. 72 3.78 0.38 1.10 1.33 4,85 
iN fs ae, see 0.1 5.15 9. 24 3.90 8. 50 3. 30 8.95 2. 66 9.2 3.15 8. 60 
0. 05 5.35 a Mab 4,10 10.6 8.45 10.0 2. 67 9.3 3. 45 9. 90 
0. O1 5.70 165°7, 4.70 17.9 3. 88 12.5 2. 69 9.6 4, 25 13.5 
0. 001 6.35 30. 0 5.70 37.5 4. 55 17.5 2.70 10.0 5.70 VARA 
65re See 0.1 12.1 18.3 14.3 31.3 14.8 36. 2 12.0 28. 6 13.7 50. 0 
0. 05 14.3 24.0 16.5 38.5 16.5 62.0 12.8 33.5 15.0 55.0 
0. O1 21.4 44.5 23.8 42.0 20. 5 60. 0 15.0 48.0 18.5 67.5 
0. 001 37.3 108 39. 5 123 28.1 100 18.8 80. 5 25. 0 91.0 
30 2a ewe On 122 158 138 255 169 279 174 300 141 353 
0. 05 172 232 195 370 227 390 237 420 198 495 
0. O1 380 580 430 830 450 855 485 910 430 1, 080 
0.001 |1, 200 2, 150 1, 360 2, 725 1, 200 2, 650 1, 340 2,780 1, 320 3, 275 
85-100 PENETRATION GRADE ASPHALT BLENDS 
LD Sel 0.1 0. 48 1. 87 0.30 1. 20 0. 30 1, 55 0. 36 1.37 0. 33 1, 52 
0. 05 0. 50 2.10 0. 32 1.32 0. 30 1, 67 0. 39 1.44 0. 36 1, 57 
0. O1 0. 55 2.70 0. 36 1. 64 0. 30 1, 98 0. 47 1.70 0. 43 1.70 
0. 001 0. 63 3.90 0. 44 2.23 0.31 2. 53 0. 62 1.90 0. 55 1.90 
ee ee 0.1 2. 02 5.35 1, 38 5.10 1. 47 7. 20 1, 57 6. 05 1. 64 7. 20 
0.05 2. 20 6, 35 1.38 5.75 1.47 7.80 1. 65 6. 65 Ayal 7.80 
0. OL 2. 65 9. 55 1,38 7. 65 1.47 9. 35 1.83 8. 30 1. 93 9. 45 
0. 001 3. 50 17, 2 1.38 11.5 1. 47 12,1 2,12 11.3 2. 29 12.3 
OSaiteesece 0.1 7.30 13.8 8. 00 20. 0 8. 35 31.3 8.05 29.6 7. 60 36. 2 
0. 05 7.80 17.8 8. 35 23. 2 8.70 35. 2 8.65 = ew i 8. 00 40. 0 
0. 01 9.15 32.0 9. 05 32. 5 9, 55 46.0 10. 2 37.5 8.95 50. 5 
0. 001 11. 50 73.5 10.3 62.5 11,9 68. 5 12.8 47.5 10. 5 70.5 
1 yd ee 0.1 96.0 153 163 202 375 310 292 315 259 435 
0. 05 135 222 205 280 435 420 345 420 318 570 
0. OL 280 525 350 600 615 840 505 825 510 1, 070 
0. O01 800 1, 800 745 1, 800 1, 010 2, 280 885 2, 160 1, 020 2, 620 
120-150 PENETRATION GRADE ASPHALT BLENDS 
90 Sa. ee 0.1 0.13 0. 54 0.15 0. 46 0.12 0. 37 0.11 0. 28 0.13 0. 82 
0. 05 0.15 0. 54 0.16 0. 47 0.13 0.38 0.11 0. 29 0. 14 0.85 
0. 01 0.18 0. 56 0.18 0. 49 0.17 0. 41 0.11 0. 32 0. 16 0. 94 
0. 001 0. 24 0. 59 0. 23 0. 53 0. 24 0, 43 0.11 0. 36 0. 21 1.09 
Ui (tae Tt Se 0.1 0. 53 1.86 0. 44 1.90 0.47 1.90 0. 49 1. 44 0. 53 3.10 
0. 05 0. 55 2. 00 0. 46 2. 00 0. 50 1.90 0. 50 1. 47 0. 56 3. 40 
G. OL 0. 59 2,41 0. 50 2. 26 0. 57 1,90 0. 52 1, 53 0. 63 4, 20 
0. 001 0. 65 3.12 0. 58 2.70 0. 69 1.90 0. 56 1, 62 0. 76 5.70 
65 See 0.1 2. 65 5. 08 2. 60 7.55 2. 46 9. 48 2.14 8. 40 3. 38 12.3 
0. 05 2.75 6.15 2.62 8.95 2. 57 10. 2 2.16 8. 40 3. 38 14.2 
0. O1 3. 02 9, 55 2.70 13.1 2.88 12,1 2.22 8. 40 3. 62 20.3 
0. 001 8. 45 18.1 2. 82 22.5 3. 37 15.3 2. 30 8. 40 4. 02 33. 5 
B02 Seen 0: F 56. 7 94 88. 5 152 113 180 108 310 118 240 
0. 05 §9. 5 128 105 200 132 236 120 362 135 308 
0. OL 112 260 153 380 190 435 153 510 182 555 
0. 001 216 715 265 960 317 1, 040 215 850 276 1, 300 
1 Residue from thin-film oven test, -in. film, 5 hours at 325° F. 
TEST PROCEDURES 
To maintain the continuity of the work, the limited to a maximum of 3 hours. The 


test procedures used in the research reported 
here were basically the same used in the 
previous investigations. The refinements and 
improvements employed are described in the 
following paragraphs. 


Chemical 


The chemical composition of the asphalts 
was determined by the precipitation method 
described in detail in reference 3. The only 
change in the procedure was that the time 
between treatment of the sample with 97- to 
98-percent H,SO, and the following step of 
decanting and neutralizing the solution was 


improvement brought about by this refinement 
has been explained previously (6). 


Preparation of Ottawa sand and asphalt 
mixtures 


The procedure described in reference (7) 
was used in the preparation of Ottawa sand 
and asphalt mixture, except that the batch 
size was larger, namely, 300 grams of sand 
and 6 grams of asphalt. 


Aging sand-asphalt mixtures 


For aging the sand-asphalt mixtures, a 
larger cabinet and slightly different pans for 
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AVERAGE ABRASION LOSS, PERCENT PER REVOLUTION 











COMPOSITION PARAMETER 








N+A, 
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Figure 11.—Relation of average abrasion loss in percent per revolution of test device to 
composition parameter at different test temperatures for 120-150 penetration grade blends. 


holding the specimen were used than described 
in reference (7). A photograph of the cabinet 
is shown in figure 12. The cabinet was 
designed to give aging effects identical to those 
obtained in the cabinet used previously. In 
calibrating the cabinet, a number of parallel 
aging tests were performed and the openings 
regulating air circulation were adjusted until 
the conditions represented identical aging 
environments in the test cabinets. 

The apparatus and procedure outlined for 
use by laboratory technicians is as follows: 

Aging cabinet. Steel, 28 by 28 by 36 inches 
high, containing a 25-inch diameter turntable 
rotating 6 r.p.m., and four 250-watt infrared 
reflector lamps thermostatically controlled to 
maintain sand-asphalt mixture at a tempera- 
ture of 140+2° F. 

Sample pans. Aluminum, 97 mm. in diam- 
eter and 15 mm. deep. 
Dial, 14-inch diameter hay- 
ing a 5-inch stem and a temperature range of 
0° to 180° F., with the stem painted dull 
black. Two or three aging pans should be 
fitted with these thermometers. The stem of 
the thermometer should be inserted through 
a }s-inch diameter hole drilled in the side, 
% inch above the bottom of the pan, with the 
end of the stem supported in a depression 
made by denting the side of the pan diamet- 
rically opposite the hole. Epoxy cement 
should be used for fastening the thermometers 
in place. 


Thermometers. 
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Calibration 


For proper calibration, the aging cabinet 
must be operated where the room tempera- 
ture can be maintained at 77+4° F.—a loca- 
tion away from windows, free from drafts 
and from direct sunlight. 

To complete the calibration procedure, load 
the turntable with 15 aging sample pans each 
containing 60 grams of Ottawa sand-asphalt 
mix. A full load of samples is necessary to 
ensure correct equilibrium between radiant 
heat absorbed and heat lost from all causes. 
Two or three of the pans should have dial 
thermometers. Hang the thermometer dials 
over the edge of the turntable in a proper 
position to avoid striking the walls as the 
table turns. Adjust the variable transformer 
so that the three lamps controlled by it will 
maintain a temperature of about 130° F. in 
the pans; then adjust the thermostat so that 
the fourth lamp, operating intermittently, 
maintains the temperature at 140+2° F. 


Procedure 


Procedure for completing the testing is to: 
Preheat the aging cabinet at least 1 hour. 
Weigh 60+0.2 grams Ottawa sand-asphalt 
mixture into an identified aging sample pan, 
trowelling the surface reasonably smooth 
with a warm spatula. Place the sample pans 
on the turntable, between 7% and 12 inches 
from the center. If less than 15 specimens are 








tested, ballast the turntable with extra pa}! 
of sand-asphalt mix to be kept on hand for t]| clets 


purpose. If some specimens are removed |} is 
intervals during the aging period, replai {pili 
them with extra pans of mix so that there al | 
always 15 pans of mix on the table. Do nk 
stir or remove any portion of a specimen durit 
the aging period. At the end of the agit 
period, remove the pan, mix the conten 
gently with a spatula for 380 seconds az 
transfer them to an airtight container. 












Pellet Abrasion Test 


The apparatus used for the pellet abrasif ! 
test for Ottawa sand-asphalt mixtures fl 
different temperatures, was as follows: 

Mold, from pellet press. 

Carver laboratory press. 

Force gage, proving ring, and other attiac 
ments, used on Carver press permitting ace 
rate gage reading in the range used, includiy 
that produced by a foree of 200 pounds on t! 
pellet ram. 

Bottle, wide-mouth French square, 16-oun 
capacity, with screw cap, see figure 13. 

Universal timer, Gralab, laboratory mod 

Weighing dishes, disposable aluminum. 

Analytical balance. 

Thermometer, range dependent on test ter 
perature. 

Temperature-controlled cabinet, 8- by 8-ini 
multipane window in front, access port in sic 
circulating fan, and 75-watt incandesce 
light, figure 14. 

Bottle rotating device, a spring-clip bott 
holder mounted on shaft extending throu; 
access port to externally mounted Bost 
gear ratiomotor, VMB 5820-8, 87.5 r.p.n 
figure 13. 
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libration 
‘or proper calibration, determine the time 
uired for the bottle rotating device to 
ate 500+10 revolutions. One hour before 
ting, set the temperature control to main- 
a the desired temperature in the cabinet 
° F. Use a 75-watt incandescent light 
b to maintain close temperature control 
1 to provide sufficient heat for operating 
ve room temperature up to 90° F. If 
‘Pher temperatures are required, an addi- 
al heat source is required. 


cedure 


rocedure for this pellet abrasion test is to 
igh out two, 2+0.1-gram portions of speci- 
1 Ottawa sand-asphalt mixture, or measure 
etions using 46-inch I.D. arch-punch fitted 
bh sliding piston and adjustable stop cali- 
Jited to deliver a 2+0.1-gram portion of 
x, figure 15. Mold each portion into a 
let, maintaining for 1 minute a force of 200 
nds on the pellet ram, equivalent to 
00 p.s.i. on the %-inch diameter pellet. 
ow pellets to rest at least one-half hour 
ore abrading. Pellets not abraded the 
ne day should be discarded or broken up 
d returned to sealed sample cans for later 
piding. ' 
Weigh each pellet, in an aluminum dish, 
the nearest 0.001 gram. Carefully place 
fe pellet in a square bottle that is in a hori- 
atal position. Use: long-handled spoon 
ed-tea spoon) for inserting and removing 
wtfllets. Close the bottle and allow to remain 


Figure 14.—Temperature-controlled (cold) 
cabinet. 


to rotate the bottle for 500 revolutions; 
observe through the viewing window to be 
sure that the pellet is free to tumble, that is, 
not stuck to bottle. At the end of the 
tumbling period, carefully remove the largest 
remaining piece of the pellet, place it in the 
aluminum dish and weigh it to the nearest 
0.001 gram. If the pellet disintegrates com- 
pletely before the end of the test, stop the 
rotation and record the elapsed time. 


Report 


For report on this pellet abrasion test, 
record sample identification and_ history 





Figure 15.—Mold and arch punch. 


(aging, etc.), test temperature, pellet weight 
before and after abrasion. Calculate abrasion 
loss as weight and as a percent of original 
weight of pellet. When test results for 
duplicate pellets do not check within 0.010 
gram or 10 percent, whichever is larger, two 
more pellets should be molded and tested. 
When pellets disintegrate completely before 
the end of the test, calculate from the elapsed 
time the number of revolutions to 100 percent 
abrasion loss. Also, report whether, in the 
operator’s judgment, the pellet disintegrated 
because of brittleness or excessive softness 
and lack of cohesion. 
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BY THE OFFICE OF 
RESEARCH AND DEVELOPMENT 
BUREAU OF PUBLIC ROADS 


A Study of 


Viscosity-Graded Asphalt Cements 


Reported by! J. YORK WELBORN, Principal Researcl}, | 
Engineer, and EDWARD R. OGLIO and JOSEPH A. ZENEWITZ)},, 


As part of a national effort to improve the quality of highway structures, the 
Bureau of Public Roads has initiated a comprehensive research program directed 
toward the development and use of fundamental knowledge to define the essen- 
tial functional properties of asphalt and to recommend realistic tests and ma- 
terial requirements to specification writers. This article concerns a laboratory 
study of asphalt cements representing a broad range of sources that were col- 
lected by the Bureau of Public Roads to investigate the feasibility of grading and 
specifying asphalts by viscosity at 140° F. in lieu of penetration at 77°F. A 
secondary purpose for this article is to disseminate the test data to other re- 
searchers, who are using the same asphalts in their work. 

Among other findings, the results indicate that when asphalt is graded by 
viscosity at 140° F, resultant materials will have more uniform within-grade 
consistency at temperatures of 140° F. and higher than materials obtained by 


use of the present system of grading asphalts by penetration at 77° F. How- 


ever, the wide range in viscosity at temperatures of 77° 


F. and below recorded in 


tests during this research indicates a need for a requirement to control asphalt 


consistency at low temperatures. 


No evidence was noted during the tests re- 


ported here that viscosity grading caused any significant change in temperature 
susceptibility or resistance to hardening from changes previously noted for 


penetration graded asphalts. 


Although some of the information reported here can be applied in the de- 
velopment of better specifications to define and control the essential functional 
properties of asphalt, the authors believe that additional research is needed to 
evaluate the binder rheology with that of paving mixtures, including the in- 


luence of mixture design, temperature, and aging. 
tm allt o fo) 


The authors recommend 


that this research be directed toward development of information from pave- 
ments in service and from carefully designed experiments in which the asphalts 
will be described on the basis of fundamental properties. 


Introduction 


Rae materials are of prime eco- 
nomic importance in the construction 
and maintenance of the National highway 
system. Many thousands of miles of asphalt 
pavements—from low cost secondary to the 
highest type Interstate roads—have been con- 
structed. An ever increasing demand is being 
made for better materials and construction 
methods that will provide higher quality and 
more durable pavements to carry modern and 
future traffic. A need also exists for a reduc- 
tion in the cost of highway construction. 
Such goals can be met only by innovations 
in technology of structural design, construc- 
tion practices, and maintenance operations. 
Better utilization of current materials and 
the development of new materials capable of 
producing lower cost, longer life, and superior 
performance will be required in the future. 





1 Presented at the annual meeting of The Association of 
Asphalt Paving Technologists, Minneapolis, Minn., Feb. 
19664 
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In 1965 the Bureau of Public Roads promul- 
gated a National Program of Research and 
Development to provide the knowledge of 
methods and materials to increase highway 
engineering productivity. As a beginning, the 
need for a better understanding of the proper- 
ties of asphalt materials, especially those 
properties that affect the performance of 
pavements in service, is evident. 

Thus, as part of the national effort, the 
Bureau of Public Roads has initiated a com- 
prehensive research program directed toward 
the development and use of fundamental 
knowledge to define the essential functional 
properties of asphalt and to recommend real- 
istic tests and material requirements to 
specification writers. Because of the greatly 
accelerated interest in asphalt research by the 
States, Federal Government, universities, in- 
dustry, and other groups, it is essential that 
the national coordination of the overall effort 
be stressed. Such a program was outlined 
and discussed as part of a 3-day conference 

































Chemists, Materials Divisio: 


ity that is the result of manufacturing}y) 
sampling, and testing, and (4) specification fyi 
that will provide requirements that wilfyn 
assure the proper balance of engineering 
properties. mh 

To acquire the information desired, th#®! 
Bureau of Public Roads is stressing the nee fill 
for a coordinated research program for th} 
development of instrumentation and teck 
niques to measure and define the fundamenté 
properties of asphalt binders that are relate} 
to rheology, durability, and chemistry, an 
to determine the relation of these propertick 
to mixture design, asphalt-aggregate system: 
and pavement performance. 

The need for fundamental research on tk 
properties of asphalt is not new and man 
reports and discussions have been written o 
different aspects of the subject. Howeve 
it was not until about 1960 that serious cor§! 
sideration actually was given to the fund: 
mental aspects of the problem. Becausf* 
consistency was believed to be of primar 
importance, the research effort was conce1 
trated on the development of tests to measw 
viscosity in fundamental units and to dete 
mine the relation of these fundamental proy 
erties to mixture design and pavement pe’ 
formance. 

In 1962 the Bureau of Public Roac}f. 
published a report (2) speculating on the uw 
of absolute and kinematic viscosity to contr 
the consistency of asphaltic materials. J] 
this article the possible advantages and di 
advantages of such an approach for speci:j} 
cation purposes were pointed out. The 
considerable evidence showed that the app! 
cation of fundamental viscosity measuremen 
to specifications for liquid asphalts of tl 
cutback and slow curing types was practicabl Ih. 
Since then standard test methods have bee 


2 Italic numbers in parentheses indicate the referenc 
listed on page 41. 
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eloped and the adoption of specifications 
ig these methods has become a reality. 
major national specifications and a 
ority of the State highway departments 

grade liquid asphalts by kinematic 
sosity at 140° F. There is evidence that 
grade limits may need some adjustment 
the basic principle of using fundamental 
s to measure consistency has proved 
‘kable. 


n 1963 a concerted effort was made to 
Welerate the study to determine the signifi- 
ce of using absolute and kinematic vis- 
ity to measure the consistency and control 

characteristics of asphalt cements at 
yperatures encountered in construction and 
the resultant asphalt pavements in service. 
2 application of fundamental viscosity 
asurements over such a range in tempera- 
es presented some complex problems. 
“litable test methods were needed to measure 
sosity at temperatures below 100° F. 


— 


a ‘er greatly in viscosity-temperature sus- 
‘ubilptibility and to exhibit varying degrees of 


ilvement performance would have to be 
‘Mermined before optimum specifications 
ud be written. Continued research on 


r tecial Committee No. 5 for Research Prob- 
teas of Mutual Interest and Concern to Users 
vata Producers of Asphaltic Materials. The 
dateljor points in the Committee’s recom- 
-ajmdations were that instrumentation and 
«tid b methods should be developed for measur- 
¢ viscosity at low temperatures and that 
uracteristics of asphalt cements at the low 
1 thjaperatures be studied. 


jel 


Findings 


nar Specification using viscosity grading at 
(0° F. Particular emphasis was given to the 
aracteristics of the asphalts at temperatures 
sociated with pavements in service. The 
incipal findings are summarized as follows 
¢ the asphalts included in this study: 

e Asphalt cements graded on the basis of 
scosity at 140° F. have more uniform con- 
‘tency within grade at temperatures above 


“e The range in viscosity-temperature sus- 
‘ptibility between 140° and 275° F. is similar 
the range for penetration graded asphalts. 
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e The sliding plate viscometer, using con- 
trolled rates of shear, is a satisfactory method 
for determining viscosities at low temperatures 
over a wide range of shear rates. 

e Varying degrees of deviation from a 
straight line occurred in the viscosity-tem- 
perature relations below 140° F. when data 
were plotted on the Walther chart. 

e Hssentially straight line relations were 
shown when the log of the limiting viscosity 
and temperature in the relatively narrow 
range between 39.2° and 60° F. were plotted. 

e Viscosity data obtained with two vis- 
cosity methods at several test temperatures 
and rates of shear, when plotted, superposed 
to a single flow diagram for each asphalt 
at a single test temperature. This super- 
position substantiates previous findings that 
the superpositioning technique can be used 
to evaluate rheological properties of viscosity- 
graded asphalts. 

e A good correlation was obtained between 
log viscosity at 0.05 sec.—! rate of shear and 
log penetration at 60° and 77° F. 

e A good correlation was obtained between 
shear susceptibility and log ductility at 60° F. 
on the original asphalts and thin-film residues, 
indicating the possibility of the use of a test 
for shear susceptibility in place of a ductility 
test. 

The data presented in this report for 
viscosity-graded asphalts provide fundamen- 
tal information that can be applied to the 
development of optimum specifications to 
define and control the essential functional 
properties of asphalt. However, the sig- 
nificance of some of the rheological properties 
of asphalts indicated by fundamental vis- 
cosity measurements must be studied further 
before requirements can be recommended for 
use in standard specifications. Research 
needs to be continued to evaluate the binder 
rheology with that of paving mixtures, in- 
cluding the influence of factors induced by 
mixture design, temperature, and aging. 
More knowledge is needed to correlate pave- 
ment performance adequately with asphalt 
properties measured by empirical tests pres- 
ently in use and by tests related to the 
fundamental characteristics. This research 
should be directed toward development of 
information from pavements in service and 
from carefully designed experimental projects 
in which the asphalts used will be described 
on the basis of fundamental properties. 


Study Specifications of The Asphalt 
Institute 


One of the steps taken to accomplish the 
recommendations of the committee was the 
development of study specifications by The 
Asphalt Institute, College Park, Md., 1963. 
The requirements included in these specifica- 
tions are set forth in table 1. The major 
element of the asphalt specifications is that 
of absolute viscosity measurements at 140° F. 
The primary advantage of such a specification 
is that the consistency of all asphaltic road 
binders would be graded at the temperature 
associated with maximum pavement tem- 
perature and the temperature used in some 


mixture design methods. It was also believed 
that such control would tend to eliminate 
some of the nonuniformity in asphalt cements 
and some of the variations in behavior en- 
countered in construction and at high tem- 
peratures of pavement in service. Previous 
study (3) by the Bureau of Public Roads, 
using penetration grade asphalts from many 
different sources in paving mixtures made 
with crushed stone, gravel and sand, and sand 
alone, showed that compressive strength was 
dependent on the viscosity of the con- 
tained asphalt, as well as the type of ag- 
gregate used in the mixture. These findings 
supported the idea that good results could be 
obtained by grading asphalts on the basis of 
viscosity at 140° F., the approximate tem- 
perature at which the stability or instability 
of paving mixtures in the pavement is most 
critical. 

In addition to the control of asphalt grades 
by viscosity at 140° F., The Asphalt Institute 
study specifications call for information for a 
minimum viscosity requirement at 275° F, 
and a provision to control hardening, using 
the ratio of viscosity at 140° F. after and 
before the thin-film oven test. Other pro- 
posed requirements cover ductility, flash 
point, and solubility in CCl on the original 
asphalt. 


Asphalts Studied 


The viscosity-graded asphalts used in the 
study reported here were collected by the 
coordinated effort of The Asphalt Institute 
and the Bureau of Public Roads. The 
selection of the sources of production was 
based on the knowledge of the viscosity- 
temperature relationships of penetration- 
grade asphalts reported in previous studies of 
highway asphalts produced and used in the 
United States (4, 4). 

Samples, totalling 25 gallons, of each grade 
of asphalt were obtained directly from asphalt 
producers and are believed to have been a 
fair sample of total production in the United 
States. Asphalts of AC-5 and AC-10 grades 
produced to meet the viscosity ranges at 
140° F. under The Asphalt Institute study 
specifications were obtained from 15 sources. 
The AC-20 and AC-40 grades were obtained 
from 14 and 4 of these sources, respectively. 


Table 1.—Asphalt study specification re- 
quirements 


Viscosity graded asphalts 
Properties 
AC-5 


AC-10 AC-40 


Viscosity at: 
140° F___poises_- 


275° B., 
centistokes __ 
Ductility at: 
hie i ees Cle 


500-750 | 1, 000—- 


1, 500 








Solubility in CCl, 
pet_- 
Flash point, ete? 


Thin-film oven 
test—viscosity 
ratio ? 











1 Cleveland open cup test. 
2 ny pccetty, of residue at 140° F./viscosity of original asphalt 
at 14 5 
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Figure 1.—Ranges and distributions of viscosity test results by viscosity grade of asphalt cements at different temperatures. 


Asphalts from one other source that met the 
viscosity limits for AC-20 and AC-40 grades, 
submitted as penetration grade materials, 
also were included in the study. Some of 
the asphalts furnished were special products 
and, except for the source of the base products, 
do not necessarily represent commercial 
products based on present penetration grade 
specifications. They may not represent regu- 
lar production that would be available under 
viscosit y-grade specifications. 

The samples were collected by the Bureau 
of Public Roads and were divided with The 
Asphalt Institute, which in turn provided 
samples for some of its company members. 
Public Roads in turn furnished samples to 
several State highway departments and to 
universities conducting research for the States. 
Some of the asphalts were or are being used in 
research projects initiated by the States and 
supported by Federal funds. Also, in accord- 
ance with the Public Roads effort to coordi- 
nate research efforts under the National 
program, the materials were made available 
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to contractors in the National Cooperative 
Highway Research Program and to the 
Bureau of Mines for inclusion in their funda- 
mental studies of asphalt. 


Test Methods 


Except for low temperature viscosity tests 
and a minor modification in the ductility tests, 
standard ASTM test procedures generally 
were used. For ductility tests, single speci- 
mens were used rather than the three pre- 
scribed specimens. Four different types of 
viscometers were used to cover adequately the 
temperature range over which viscosity deter- 
minations were made. The  viscometers, 
applicable test method, and the test tempera- 
ture at which they were used, are described in 
the following paragraphs. 

e Zeitfuchs Cross-Arm Capillary Viscom- 
eter, ASTM Designation: D-2170-63T, ‘‘Ten- 
tative Method of Test for Kinematic Viscosity 
of Asphalts,’’? 275° and 210° F. 


e Cannon-Manning Viscometer, AS17 
Designation: D-2171-63T, “Tentative Me 
od of Test for Absolute Viscosity of Asphalt 
140° and 120° F. 

e Sliding Plate Microviscometer, in acco 
ance with the method described by Fink ¢ 
Heithaus (6), 77° and 100° F. 

e Sliding Plate Viscometer, in accorda:| 
with “Proposed Method of Test for Viscos 
of Asphalt with a Sliding Plate Viscometet| 
Controlled Rates of Shear’ (7) 60°, 45°, ¢ 
39.2° F. This viscometer and method, wh! 
were developed in the Public Roads laborat } 
by the authors, are described briefly later 
this article. 

The precision of the capillary and slid 
plate microviscometer test methods have b 
established by usual interlaboratory rou 
robin tests and are given in the respective 1 
methods. The precision of the sliding pl 
viscometer, in which controlled rates of sh 
are used, was estimated from tests made 
60° F. in the Public Roads laboratory. ' 
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Table 2.—Statistical summary of precision data for repeatability Table 3.—Precision of viscosity test methods 
of viscosity determinations at 60° F. 
Repeata- | Reproduci- 
Thick- Viscosity, at shear rates of— : bility,! bility,? 
Asphalt code number | Repli- | ness of Pw Method or instrument 95-percent | 95-percent 
and statistics cates | speci- confidence | confidence 
mens 0.1 0.05 0.01 0.005 0.001 level | level 
' sec.—! | sec:—! | sec! | sec.-! | sec.—! ee bs —— 
ee oe ek eS | eee ae oa uy te Pet. of mean| Pet. of mean 
Mi- | Mega- | Mega- | Mega- | Mega- | Mega- ASTM D-2170-63T - - 185 A 8 
C-5: No. | crons | poises | poises | poises | poises | poises ASTM D-2171-63T _ -_____ 7 | 10 
Average..-.-22-222.- 5 | 468.8 DRORD amr OCR. eae le WE Dt oe BS Microviscometer 3___-________ 13 26 
Ranges. cee we Bale Sh 0.09 C208 eee BA ot eee Controlled shear rate 4______ 8 ed 
Standard deviation_ - 5} 15 SOE) OU I gE ea ie ee ee) |S eee Ee ee ee eee ee LN, oe 
Coefficient of " - ; 
WarintiOn. pet__ 5 3.90 | 1.92 AT eles © eee | Sem IL. ee Duplicate results obtained by the same operator. 
? Single results from each of two laboratories. 
B-10: 3 At 0.05 sec.-! shear rate, 77° F. 
SAVOY ARG 2. eaee oe coe! 5 | 471.0 | 12.70. | 14.12 | 17.84 | 18.68 | 18.70 .,. Pooled data from table 2, 0.1 to 0.001 sec.-! shear rate, 
Range se. 52522 24: 5 | 157 131 0.1 1.7 1.3 1.3 60° F, 
Standard deviation.- 5 | 124 418 | 0.050} 0.634 | 0.605 | 0.660 
Sait 5| 263 | 3.20 | 0.35 | 3.58 3: 26' | 3.53 
variation__--_._ Ghee 26. 3. 26 ie 3:6 3.2 3. 5¢ ! : 5 . 
Pp tests consisted of five replicate determinations 
+ I-10: ’ i | avs by > ONer : nee 
Average_------------- 5 | 452.2 14°50' | 16.56 7116, 82 16.98 | 16.98 made on different days by Os operator on six 
Rancomris eee 5 | 90 0.5 1.0 1.6 1.5 1.5 of the asphalts selected to obtain three differ- 
Standard deviation_ - 5 35 0.187 | 0.403 0. 657 0. 605 0. 605 és 3 , 
Coefficient of ent levels of viscosity and three different levels 
variation... pet 5] 7.74] 1.29 | 2.59 | 3.91 | 3.56 | 3.56 of shear susceptibility. A statistical summary 
D_20: of the test results is given in table 2. For 
SAV OTERO sateen eee te oe 5 | 478.6 15. 58 17.75 21.74 22. 28 22. 40 3 ie ; p 
Pogett wie 5 | 71 0.8 0.2 1.4 1.3 1.0 comparison, table 3 contains lists of the 
Prandend deviation # 5| 30 -303 | 0.100) 630 | 0.668) 0.547 precisions for the four viscosity methods used 
variation... pet.- 5] 6.26] 1.94 | 0.56 | 2.90 | 3.00 | 2.44 in the study reported here. The test data are 
F-20: given in terms of the percentage of the average 
IAVeLarO= eee eae 5 | 488.4 | 12.80 | 15.64 | 24.40 | 28.80 | 31.35 . tc we oe ‘ Cm 
ee gt ke the Gane Bbae eG ae 0:9 33 ie of two tests, and they reflect the manner of 
Standard deviation_- 5 | 131 0.400 | 0.320] 0.424] 1.31 | 0.900 expressing test method precision used by the 
Coefficient of : : 
Re Ye SE ag pet_- 5| 268 | 312 | 2.05 | 1.74 | 4.55 | 2.87 ASTM Committee D-4, namely, the maximum 
reaN difference between two test results that may 
Average._-.-----#.__- 5 | 564.4 |119.0 156.2 212.2 215.4 215.4 be expected at the 95-percent confidence level. 
Range se oe a 5 | 384 10 13 8 10 10 TI Merete formne ye tegen 
Standard deviation__ 5 | 162 4.30 | 4.60 | 4.38 | 4.98 | 4.98 1e precision for repeatability of the 
Coefficient of > “ BS ae ae tee 
Sak rt eon eee Ridcoseraleaial rel gras 2. de ule Bai. 1. 2.31 method, when controlled shear rates were 
= es used, was 8 percent and this is comparable 
Coefficient of to the precision obtained for the absolute 
variation_____- PCESLIASe oe see ee 2. 53 2.05 2. 83 3.¢ 2.94 raemeah aq )9171_eR Es 
Repeatabilityeedoesac|ee ee ueles ence 7, 34 5.95 8, 23 9, 72 8. 56 V ISCOBILY method, ASTM D-2171-63T. How 
ever, this precision was based on tests made 
in one laboratory and may differ from that 
based on interlaboratory tests. Further work 
is needed to establish both repeatability and 
reproducibility for the low temperature tests 
involving the sliding plate and possibly other 
methods. Further work also is needed to 
develop more rapid methods. Results ob- 
Beads tained late in the study reported in this 


article show that comparable results were 
obtained when the time of room conditioning 
was reduced from 1 to 1!4 hours to 15 minutes 
and the time of bath conditioning was reduced 
from 25 minutes to 15 minutes, thus reducing 
total time of preparation and testing from 2 
hours to 1 hour. 


4,000 








” Test Results 
wn 
fo) , : 
a. 2,000 The test results on the viscosity-graded 
a asphalts are given in tables 4, 5, and 6. Two 
Pe aaa identification numbers are given, an asphalt 
Ee code number and the corresponding Bureau of 
> 1,000 Public Roads laboratory number. The as- 
= phalt code number consists of a letter followed 
8 i by a number. The letter serves to identify 
ee the refinery and the number identifies the 
viscosity grade. The laboratory number 
provides sample identification for other in- 
400 vestigators and the cooperators who have 
included these asphalts in their studies. 
Viscosity 
ee In figure 1 the range and distribution of the 
Pi IER iF viscosity data are summarized within each of 
/ the four study specification grades at the two 
Figure 2.—Results of viscosity tests at 140° F. and penetration at test temperatures specified and at 60° F. and 
aK é 77° F. for the four viscosity graded asphalt cements. 0.05 sec. rate of shear. ‘The boxes formed 
UBLIC ROADS ® Vol. 34, No. 2 33 
ste 214-886—66 3 





Boge 


ee A 


Table 4.—Characteristics of viscosity-graded asphalt cements 
























































Penetration 100 g., 
Asphalt |} BPR Viscosity 5 sec. 
code labora- 
number tory 
NUM Der == ee ; 
149°". 275° 3.) 45° FE. | GOS aircon. 
| — 
rl ae ae S| | 
Centi- 
Poises | stokes 
A-5 B-2908 754 257 17 42 125 
B-5 B-2920 773 289 12 40 134 
C-5 B-2958 662 264 32. |. 68 180 
D-5 B-2962 642 231 28 70 192 
E-5 B-2974 627 246 6 16 64 
F-5 B-3008 602 247 19 46 154 
G-5 B-3012 669 282 22 60 175 
H-5 B-3028 | 459 195 26 65 191 
I-5 B-3037 586 240 13 40 139 
J-5 B-3050 | 636 267 30 75 216 
K-5 B-3054 610 215 10 30 101 
L-5 B-3058 632 267 23 58 169 
M-5 B-3108 791 238 15 43 136 
N-5 B-3578 719 181 16 42 137 
0-5 B-3601 674 160 ll Bo 125 
A-10 B-2909 | 1, 367 335 14 30 83 
B-10 B-2921 | 1,152 339 11 28 88 
C-10 B-2959 | 1,352 401 20 45 115 
D-10 B-2963 | 1, 227 315 18 43 114 
E-10 B-2975 | 1,484 355 4 9 32 
F-10 B-3009 | 1,361 367 15 36 96 
G-10 B-3013 | 1, 209 376 15 37 112 
H-10 B-3029 | 1, 208 309 14 35 97 
I-10 B-3036 | 1, 268 333 9 26 84 
J-10 B-3051 | 1, 255 374 18 46 128 
K-10 B-3055 | 1, 233 302 6 15 55 
L-10 B-3099 | 1, 257 362 16 39 108 
M-10 B-3109 | 1,317 322 10 28 91 
N-10 B-3579 | 1, 208 227 10 27 94 
O-10 B-3602 | 1,529 233 5 18 64 
A-20 B-2910 | 2,340 417 10 22 61 
B-20 B-2922 | 2,497 464 6 16 52 
C-20 B-2960 | 2, 060 482 14 32 87 
D-20 B-2964 | 2,696 452 10 25 70 
F-20 B-3010 | 2,861 490 12 27 72 
G-20 B-3014 | 2, 261 506 11 26 76 
H-20 B-3030 | 3, 286 467 8 20 57 
I-20 B-3035 | 2,786 606 6 16 50 
J-20 B-3052 | 2,743 534 11 28 82 
K-20 B-3056 | 2, 684 430 3 11 30 
L-20 B-3060 | 2,741 513 12 27 74 
M-20 B-3110 | 2, 261 401 8 23 69 
N-20 B-3580 | 2,461 314 6 16 57 
O-20 B-3603 | 2,729 301 4 12 43 
P-20 B 3039 | 2,485 442 12 30 77 
J-40 B-3053 | 5, 266 745 7 20 51 
K~40 B-3057 | 5, 217 574 7 6 14 
I+40 B-3061 | 5, 537 742 | 6 17 46 
O-+40 | B-3604 | 4, 286 353 2 7 25 
P40 B-3040 | 4, 286 567 10 23 60 
1 Fracture. 


2 Cleveland open cup test. 
3 Pensky- Martens test. 


by the solid lines show the ranges in viscosities 
for each grade. The dots within the boxes 
represent the viscosities obtained for each 
asphalt and show the distribution of results 
obtained for each viscosity grade. The broken 
line boxes show the study specification require- 
ments at 140° and 275° F. for each grade. 
The figure shows that viscosity test results 
outside the study specification limits at 140° F. 
were obtained on 6 of the 50 asphalts: 5 results 
exceeded the maximum limits and one was 
below the minimum limit. Some of the 
asphalts furnished for the study represented 
special production and the noncompliance with 
specification limits may not be typical of 
regular production. However, caution should 
be used in adjusting specification limits so that 
production and testing variability and the 
criticalness of the requirements in use and 
performance will be recognized. The Bureau 
of Public Roads is concerned about such 
adjustments and has recommended that, 
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Ductility 

Specific) Flash point 

1 cm./ 5 cm./min. gravity, 

min, PW bt wet te 

= dee Meena a en! 
45° He 45 cs en) x60 Es iti C.0.C.2) P-M.3 

Cm. Cm. Cm. Cm. cP Be Cars 
126 31 215 130 1. 004 600 500 
150+ 31 250+ 181 1. 001 670 415 
150+ 116 225 148 1. 023 505 515 
150+ 150+ 250+ 155 1. 010 540 515 
3.5 3 16 152 0. 999 645 345 
150+ 59 250+ 139 0. 991 670 520 
150+ 150+ 250+ 177 1. 018 610 555 
171 71 250-+- 151 1. O11 575 515 
175+ 179 250+ 172 1. 022 640 585 
150+ 150+ 250+ 154 1. 021 460 460 
21 6 129 163 1. 608 515 310 
150+ 150+ 250-++ 140 1. 021 550 465 
175+ 244 250+ 167 1. 011 515 460 
175+ 150+ 250+ 205 1. 015 465 455 
250+ 250+ 250+ 171 1. O11 580 525 
39 9 192 221 1. 007 610 520 
29 8 243 250+| 1.004 680 420 
116 22 177 157 1. 031 530 485 
150+ 150+ 250-++ 250+} 1.015 570 545 
(1) (1) 5 215 | 1.005] 670 605 
33 12 170 230 0. 994 660 560 
150+ 150+ 250+ 245 1. 021 600 525 
91 16 250-+- 190 1. 022 590. 500 
141 11 250+ 210 1. 026 650 460 
150+ 124 250+ 210 1. 028 480 455 
6 3 By 206 1. 016 530 500 
84 33 250+ 200 1. 025 565 480 
175+ 19 250+ 250+] 1.014 535 455 
250+ 150+ 250+ 245 1. 016 510 455 
250+ 12 250+} 250+] 1.016 580 535 
9 9 47 210 1. 012 600 510 
6 (2) 17 250+} 1.007 655 430 
62 11 161 160 1. 034 560 505 
175+ 10 250+ 241 1. 021 590 555 
10 if 24 205 0. 995 635 580 
175+ 14 250+ 250+} 1.025 625 515 
11 5 88 250-++-| 1.028 570 490 
8 4.5| 250+] 250+) 1.034 640 475 
118 18 250+} 250+) 1.033 495 470 
3.6 4) 10 250+| 1.020 545 515 
45 8 250-+- 250+) 1.030 585 480 
120 9 250+ 250+) 1.018 535 485 
243 4 250+| 250+) 1.022 490 470 
72 (?) 250+] 250+) 1.021 585 505 
11 7 47 250+] 1.004 635 450 
13 6.5 193 250+} 1.035 510 480 
(1) (1) 3 231 1. 025 570 515 
8 5 58 250+] 1.038 615 485 
@) (1) 35 250+] 1.025 620 555 
uA 18 230 1. 006 665 515 














when possible, specification requirements be 
based on targets having optimum tolerances. 
For example, viscosity requirements compa- 
rable to those in the study specifications 
would be specified as 600+150, 1,200+300, 
2,400+600, and 4,800+1,200. This would 
provide a general recognition that materials 
should be furnished in the center of the grades 
and also would provide a better basis for 
statistical evaluation. 

Also, figure 1 data show that test results 
for viscosity at 275° F. were above the mini- 
mum specified for each grade, except for 
asphalt sample O-40. The results for other 
grades from the same source, as well as those 
from producer N were near the minimum 
requirement. The location of viscosity results 
at 275° F. for the different grades of asphalt 
from the same source show that more atten- 
tion should be given to setting the viscosity 
limits to account for a change in grade of 
asphalt. For example, the viscosity of asphalt 
































0-40 is below the minimum limit; the vis 
cosity of asphalt O-20 is slightly above the 
minimum limit, and the viscosities of asphalts 
0-10 and O-5 are appreciably above thi 
minimum limit. Setting limits for other re: 
quirements applicable to specifications for twe 
or more asphalt grades also should be 
considered. 

As shown by comparison of the ranges in 
viscosity at different temperatures in figure 1, 
on the basis of grading at 140° F., extensive 
overlapping occurred in the results obtainec 
at 60° F. (0.05 sec.-! shear rate) and 275° Pipe 
on asphalts of the four grades. As is wel}} 
known, overlapping of consistency measure 
ments at temperatures other than the grading 
temperature also occurs in the penetratior 
grading system presently in use. This over 
lapping is caused by the differences in tem 
perature susceptibility of asphalts. In the 
temperature interval of 140° F. to 275° F. 
temperature susceptibilities ranged from abow 
—3.4 to —3.9 for the asphalts having thi 
lowest susceptibility and the highest suscepti 
bility, respectively, within each grade. Thesi 
results were determined from the Walther re 
lation, as follows: 





Viscosity-temperature susceptibility 


_ log log m—log log 1 | : 
~ log T,—log T; 
Where, 


m= Viscosity in centipoises at 275° F. 
n= Viscosity in centipoises at 140° F. 
T,= (275+ 459) 
T.= (140+ 459) 


Previous studies have shown that asphalt 
supplied under the present penetration gradin 
system range in susceptibility from abou 
—3.1 to about —3.9, which is comparable t 
the range determined in the study for th 
viscosity-graded asphalts. 


Within-grade uniformity 


As indicated previously, one of the advat 
tages to be expected when grading aspha 
cements on the basis of absolute viscosity ¢ 
140° F. is that better uniformity in withir 
grade consistency would be obtained at co1 
struction temperature than is now bein 
obtained by penetration grading at 77° ] 
This expectation is a logical consequence ¢ 
shifting the grading control point from 77° ] 
to 140° F. That this expectation was reaso} 
able can be seen from an examination of tl 
results in figure 1 showing about a twofol 
spread in within-grade viscosity at 275° | 
This is less than the threefold spread 
previous tests for penetration graded asphal 
(5). 


Penetration for Viscosity-Graded 


Asphalts 


Much of the early work done to develc 
specifications based on viscosity grading : 
140° F. was concerned with the effect of suc 
a system on penetration (2). Accordingl 
estimates were made of the ranges in pen 
tration at 77° F. that could be expected f 
specifying asphalt cements by viscosity : 
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0° F. with no other requirements to control 
mperature susceptibility. These estimates 
are based on extrapolations that assumed a 
Fraight line relation between viscosity and 
Wmperature over the full 77° F. to 275° F. 
nge on Walther charts and slopes of —3.1 
d —3.9 for the lowest and highest suscepti- 
lities. The penetration ranges estimated on 
‘fis basis for the AC-5, AC-10, AC-20, and 
C-40 asphalt grades were 140 to 400, 87 to 
0, 60 to 150, and 34 to 85. As shown in 
@sure 2 and table 4 penetration at 77° F. 
Bnged from 64 to 216, 32 to 128, 30 to 93, 
d 14 to 60 for the asphalts included in the 
ur grades used for the study reported here. 
hese results are appreciably lower than had 
en estimated. 


i(eiginally estimated can be seen in figure 3, 
hich shows plots of the viscosity data for 
asphalts on a Walther-type chart over 
Re temperature range 39.2° F. to 275° F. 
hese asphalts were selected because they 
present the extremes in viscosity below 
‘gy? F. at 0.05 sec.-! for the AC-5 and AC-10 
yades. None of the four asphalts produced a 
sraight line over the full temperature range 
rvered and the curves show distinct de- 
wture from linearity in the 39.2° to 77° F. 
mperature range. The actual curves at 
If lower temperatures are above the projec- 
on of the straight lines drawn between the 
7o° F. and the 140° F. points. This de- 
wture, or offset, occurred in most of the 
\phalts and the amount of offset varied ac- 
wrding to the asphalt in relation to its source. 
ymetimes, such as for the J asphalts marked 
pl figure 3, the offset was relatively slight. 
ull or a few asphalts, such as the E asphalts, the 
ib) ¥set was comparatively large. For other 
ile sphalts the amount of offset was somewhere 
' stween these extremes. Changes in rheo- 
gical responses in this area have been noted 
y other investigators (8, 9) on penetration- 
caded asphalts. They theorized that the 
dval oftening point is a region of transition where 
split sphalts change rapidly in physical structure, 
iy }hich causes changes in the asphalts tem- 
i{liarature susceptibility and _ rheological 
-«) Qaraeter. 
et In previous discussion (2) of the feasibility 
rif using viscosity at 140° F. for grading 
wi sphalt cements, it was pointed out that the 
TIipsult of control at one temperature could 
wwiOssibly be greater differences between ma- 
{terials of the same grade than occur with use 
of the present penetration grading and con- 
Ihols. It was also indicated that control at 
\| WO or more temperatures should be considered 
jwliefore viscosity grading is adopted. The 
| ange in results shown in figure 1 for viscosity 
t 60° F. supports these contentions. The 
ed 2nges in viscosity for each grade are extremely 
wge at this temperature and it is evident that 
dw temperature requirements are necessary. 
va Owever, continued research is necessary to 
‘stablish the optimum limits for such a require- 
ient. These should be based on fundamental 
roperties of mixtures and closely related to 

















Table 5.—Characteristics of residues from thin-film oven test 




















Tests on residue Viscosity 
ratio at 

As- Shear 
phalt | Change Re- sus- 
code in Ductility, Viscosity Viscosity at 60° F., tained cepti- 
num- | weight | Pene- | 5 cm./min. at shear rates of— pene- bility, 

ber tration, tration | 140° | 275° | 60° F.1 

Pipe Ne F. F. 
77° 60° | 140° F. | 275° F.| 0.001 | 0.005 | 0.01 | 0.05 | 0.10 
F, F. sec.-! | sec.-1 | sec.-1| see.-! | sec.-! 
| 
Centi- Mega-| Mega-| Mega-| Mega-| Mega- 
cha Cm. | Cm. | Poises | stokes | poises| poises| poises| poises| poises| Pet. 

A-5 +0, 02 74 185 50 1, 943 371 28 | 28 27 18 14 59. 2 2.58 | 1.44 0. 27 
B-5 —. 06 77 216 63 1, 743 390 21 | 21 21 15 13 55. 2 2.25 | 1.35 21 
C-5 —.17 101 220 35 1, 882 405 18 | 18 12 ll 10 56.1 2.84 | 1.53 23 
D-5 —.03 112 220++| 250+] 1, 508 334 15 | 13 12 9 8 58.3 2.35 | 1.45 15 
E-5 —.09 38 68 4 1, 709 347 320 |180 127 56 39 59. 4 2.73 | 1.41 51 
F-5 +.12 90 230 73 1, 504 347 NG | bef 16 11 10 58. 4 2.50 | 1.40 25 
G-5 +.10 108 228 243 1, 157 353 10 | 10 10 8 7.5 65. 1 Ped 1. 25 13 
H-5 —. 05 92 225 85 1, 532 316 27 | 27 24 18 15 48. 2 3.34 | 1.62 22 
I-5 +. 07 96 250-+-| 250-++-| 1, 027 301 12.| 12 12 11 11 69. 1 1.75 |.1.25 02 
J-5 —.79 103 225+] 140 2, 212 474 8 8.0 7.6 6.7 6.3 47.7 3.48 | 1.78 08 
K-5 —.29 54 193 13 1, 514 297 92 | 69 57 33 26 53. 5 2.48 | 1.38 . 34 
L-5 —,22 115 220+-| 141 1, 443 368 12 | 12 ll 9 8 68. 0 2.28 | 1.38 -12 
M-5 —.57 74 234 168 2, 092 364 30 | 30 28 22 19 54.4 2.64 | 1.53 Aa ly 
N-5 —.87 if 250+] 250+] 1, 904 293 44 | 39 37 32 30 52.6 2.65 | 1.62 . 09 
0-5 +. 07 94 250-++| 250-++ 999 191 PALL ll 11 11 75. 2 1.48 | 1.19 . 00 
A-10 +. 01 51 201 11 3, 908 497 84 | 73 63 35 27 61.4 2.86 | 1.48 37 
B-10 —.11 54 250+); 19 3, 054 506 75 | 61 51 30 24 61.4 2.65 | 1.49 32 
C-10 —, 22 70 170 23 4, 039 634 35 | 34 32 21 17 60. 9 2.99 | 1.58 28 
D-10 +. 04 71 250+] 94 3,135 465 33 | 29 26 19 16 62.3 2.56 | 1.48 21 
E-10 +.10 23 24 3 3, 735 490 |1,140 |520 353 141 95 70.8 2.52 | 1.38 57 
F-10 +.10 61 213 10 4, 089 508 48 | 44 38 23 17 63. 5 3.00 | 1.38 36 
G-10 +. 04 77 250+) 191 2,316 493 25 | 25 25 20 18 68.8 1,92 | 1.31 15 
H-10 +. 03 60 250+} 15 3, 497 463 58 | 56 50 30 24 61.9 2.89 | 1.50 32 
I-10 +.11 56 250+| 118 2, 360 441 37 | 37 36 29 27 66.3 1.86 | 1.32 14 
J-10 —.69 75 220-+-| 61 3, 826 634 32 | 30 27 21 18 58. 6 3.05 | 1.70 17 

| | 

K-10 —.12 35 180 {f 2, 568 397 206 |161 130 67 50 63. 6 2.08 | 1.31 . 42 
L-10 —.15 70 250+) 32 2, 954 509 36 | 35 32 22 19 64.8 235 | 1.41 | “524 
M-10 —.31 55 250+] 52 3, 397 486 59 | 58 53 37 32 60. 4 2.58 | 1.51 ee 
N-10 —. 68 53 250+) 250+-| 2,971 350 50 | 50 48 42 39 56. 4 2.46 | 1.54 . 09 
O-10 +. 08 51 250+] 250+] 2, 235 275 41 | 41 40 38 37 79.7 1.46 | 1.18 . 04 
A-20 —.02 39 148 6 7, 047 640 176 |138 106 55 42 63.9 SOL Lett pocse 
B-20 —.05 34 156 6 7, 038 678 285 |182 136 69 52 65. 4 2.82 | 1.46 . 42 
C-20 —.11 56 159 15 5, 479 749 75 2 53 32 26 64. 4 2.66 | 1.55 31 
D-20 +. 09 47 250+| 35 6, 311 649 (Ama Yh 62 37 29 67.1 2.34 | 1.44 36 
F-20 +. 12 50 102 8 9, 293 735 95 | 68 55 29 22 69. 4 3. 25 | 1.50 41 
G-20 —. 01 53 250+] 61 4, 331 671 50 | 50 47 36 32 69.7 | 1.92 | 1.33 ie 
H-20 . 00 37 168 8 9, 703 750 182 |143 113 56 41 64,9 2.95 | 1.61 . 46 
I-20 +.11 33 225+] 21 5, 404 624 | 140/131 117 68 58 66.0 | 1.94 |} 1.03 31 
J-20 —.651 50 250+} 29 7, 853 903 63 | 60 54 37 31 61.0 2.86 | 1.69 25 
K-20 —.05 24 137 4 5, 300 564 590 |359 265 115 82 80. 0 1.97 | 1.31 1 
L-20 —.12 45 250 13 7, 153 750 94 | 86 74 43 34 60.8 2.61 | 1.46 .33 
M-20 —. 24 41 213 21 6, 424 637 108 |102 88 57 47 59. 4 2.84 | 1.59 . 28 
N-20 —. 45 32 250+-| 150 5, 627 479 115 {115 113 84 70 56. 1 2.29 | 1.53 «20 
O-20 +. 08 32 250++-| 37 4. 210 365 170 |170 168 115 95 74.4 1.54 | 1.21 . 28 
P-20 —. 04 49 73 8 | 11,046 812 | 122 | 84 66 34 25 63.6 | 4.45 | 1.84 42 
J-40 —. 46 29 119 a 16, 148 1, 278 135 |123 107 63 50 56.9 3.07 | 1.72 .33 
K-40 —.07 9 49 0 10, 451 761 |1, 530 |780 535 210 139 64.3 2.00 | 1.33 . 59 
L-40 —.06 28 250+ 6 14, 539 1, 055 277 |185 146 81 63 60. 9 2.63 | 1.42 .37 
O-40 +. 09 19 250+ 0 5, 786 515 400 |390 342 205 157 76. 0 1.35 | 1.46 . 40 
P-40 +. 06 43 72 6 14, 267 900 182 {120 90 41 30 (Awe 3.33 | 1.59 . 48 


















































1 Tangent of viscosity—rate of shear curve between 0.05 sec.~! and 0.10 sec.-1 


Limiting Viscosity 


Other researchers have used limiting or 
initial viscosity in studying the rheological 
behavior of asphalts. This is the viscosity 
obtained when the material is behaving in 
a Newtonian fashion and is independent of 
the rate of shear. It occurs in asphalts at low 
shear stresses or low rates of shear and the 
viscosities obtained are higher than those in 
the shear-dependent or non-Newtonian region. 
Limiting viscosity was determined for all of 
the asphalts included in the study reported 
here and are given in table 7. 
temperature relations are shown in figure 4 
for the same asphalts as those depicted in 
figure 3, but limiting viscosity rather than 
apparent viscosity at 0.05 sec.~! shear rate is 
plotted against temperature on a Walther-type 
chart. Comparison of data in figures 3 and 4 
will show the difference between limiting 
viscosity and viscosity determined in the 


The viscosity- 


shear-dependent region. The curves in figure 
4 are straighter and the asphalt viscosities are 
higher than shown by curves in figure 3. 

To explore the low temperature properties 
of the asphalts the limiting viscosities were 
plotted using the ordinates of log viscosity 
in poises and temperature in degrees Fahren- 
heit. This relation for AC-10 grade asphalts 
is represented by essentially straight lines in 
figure 5. Similar relations existed for the 
other grades. Recognizing that the temper- 
ature range of 39.2° to 60° F. is relatively 
narrow, these relations are possibilities that 
should be considered in further evaluation of 
both the level of viscosity and temperature 
susceptibility of asphalt. 


Viscosity Data Reduced to Master 
Curves 


Because the microviscometer and _ the 
controlled rate of shear viscometer were used 
to determine viscosities at the temperatures 
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below 140° F., study was made to determine | 


whether the two instruments gave concordant 
results and also to indicate the general 
rheological character of the asphalts as 
affected by temperature and shear rate. The 
asphalts selected for the special study were 
A-5, E-5, B-10, and 1-10. The viscosity 
results obtained at different rates of shear at 
test temperatures of 39.2°, ABP OO elas 
100°, and 120° F. are given in table 8. 

All four asphalts produced flow diagrams 
as illustrated in figure 6 for asphalt A-9. 
The curves are similar to those obtained by 
Brodnyan (10) with penetration-graded as- 
phalts and subsequently by others. It is 
interesting that the curves approach zero 
slope at the lower shear, rates. As mentioned 
before, viscosity in this area is the limiting 
viscosity and it is independent of rate of shear. 
Curves for each of the four asphalts were 
superposed by the method described in 
reference (11) to a single master curve at a 
reference temperature of 60° F., as shown in 
figure 7. The amount of horizontal shifts 
(ar) required to effect the smooth, reduced 
curves shown in the figure are given in table 
9 and shown in figure 8. As will be noted, 
these factors permit obtaining viscosity at 
a single temperature over a much wider 
range of shear rates, approximately 6 decades 
in figure 7, than is now practicable with 
present viscometers. Furthermore the fac- 
tors are considered (10) to be an indication 
of the temperature dependence of limiting 
viscosity and, as such, are useful in comparing 
asphalts as to temperature susceptibility. 

The close conformance of the data points 
to the master curves in figure 7 indicates that 
the viscosities measured by the controlled 
shear rate viscometer at 39.2°, 45°, and 60° F. 
are substantially in agreement with those 
measured by the standard microviscometer 
at 77° and 100° F. The general shape of the 
curves also indicates that at these test tem- 
peratures the viscosity-graded asphalts appear 
to be similar, but the level of viscosity and the 
influence of this difference on the rheological 
properties of paving mixtures before and 
after aging needs further study. 


Relation of Viscosity and Empirical 
Tests 


The primary interest in studying the use of 
fundamental properties of asphalts is to de- 
termine whether they can be related to the 
fundamental properties of paving mixtures 
and whether they will ultimately provide a 
better basis for improved specifications. Also, 
of interest is a comparison of the results of 
fundamental properties to the characteristics 
measured by conventional empirical methods. 
So a part of the study reported here was de- 
voted to examining the relation of viscosity 
data to penetration, ductility, and durability. 


Penetration 

The relation of penetration to viscosity de- 
tailed in tables 4 and 6, at 60° and 77° F., is 
shown in figures 9 and 10, respectively. As 
shown in the figures, good correlations of 
penetration and viscosity were obtained at 
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‘Table 6.—Viscosity at different rates of shear and temperatures 
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Viscosity, megapoises at shear rate and temperature of— Shear susceptibil- 
ity | at tempera-_ 
; tures of— 
0.1 sec.-! 0.05 see.-! 0.01 see.-! 0.005 sec.-! ~ 0.001-see.-! : 
Asphalt eae Pm; 
code Ah 
EIUURIDEE | aia SISA” ges Bored a ieee IN PP Re WM os pee eh Se 
a fy fx a cm ion fe ° i i) ° & & ° <I ey ° eH 
_Q ° ° 8) ° ° ° es ° x ° 9 3 9 i) wiea ° 
ey ei es pe bei kee eS Se | Seal 1: eee 
Atel eS ee = —— ? 
A-5 68 38} 6.4 87 45) 6.7} 0.46) 153 67| 7.6)- 196 79| 8.0 250 96] 29.0! 0.36 : 
B-5 . 62 46) 7.2 84 56} 8.0} .81| 171 91} 9.7| 209) 111) 29.7 343} 147| 29.7 44 ) 
C-5 95). 18) 2.5]. 31) .21| 2.6] .48) 49} 30) 3.0) 56) 30)23.2 64| 30) 23.6 29 ? 
D-5 26 77 2.5 30 19h, -225)* 36 42 26)032.5 46 28) 2.2.5 51) 232) 22.5 e2L 
E-5 197! 129} 33.9} 298] 184] 44.0] 3.50| 775} .414] 82.5]/1,180] 585/103. 0) 3, 100}1, 300/137. 0 . 59 
F-5 37 23) 4.2 52 29} 4.5) 1.12] 103 OLipebeo| ol 60] 2.6.0 177| 262) 27.4 47 
G-5 37 23) 2.8 45 25| 2.8) 32 68 27| 2.9 70 27| 22.9 70) 2 23.0 . 28 
H-5 30| 14] 2.4). 37] . 18} 2.81.52] 60] 27] 3.0). 70) 729) 23.0 70} 29) 23.0) .30 
1-5 79 48) 6.2) 102 54] 6.5} .49) 166 76| 7.0} 194 82) de 232 86} 7.0 . 34 A 
J-5 33 16} 2.2 40 18] -252i<=. 29 56 222i ten: 60 25) 2:2, 38) 972 26) 22.3 . 24 4 
K-5 92 (aNd. Ol t30) 96} 16.8 87| 290} 195} 25.5) 410) 264} 28.0 700} 410) 29.5 . 50 d 
L-5 28 Pa sata 35 23)" 3.1 32 50 28) wood 54 30} 23.1 2 65 30} 23.1 31 
M-5 70 40) 5.5 82 46] 5.6 57) 119 62} 6.0) 142 66} 6.2 150 66} 26.4 +20 
N-5 90 2) 4.8) 105 48} 4.8 42| 146 58} 4.8] 146 58} 24.8 146 58} 24.8 21 
O-5 126 67) 6.3) 153 7: Dag 46| 239 80} 5.3} © 239 80} 25.3 239 80} 25.3 . 29 5 
A-10 100 58} 14.4) 130 74| 16.0] 1.49} 247] 184) 20.2) 323) 176) 21.5 540} 227/222.3 .39 3 
B-10 141 78| 13.1) 188 99) 15.1 96| 370) 174] 19.2} 495) 215) 19.4 920} 250/220. 0 .42 ‘ 
C-10 47 30) 7.6 59 35) 8.1) 1.08 99 54} 9.2) 120 60) 9.8 148 73/211.0 .32 
D-10 62 36} 6.4 78 42) 6.5 75) 129 57} 6.8] 147 60) 7.0 170 65| 2.7.2 .3l 
E-10 310) 268] 78.0} 487) 360/109. 0/13.5 |1,400] 990/237. 0/2, 200|1, 530/330. 0} 5, 770)3, 850/625. 0 . 66 
F-10 79 42| 11.0} 103 54] 12.7) 1.58} 203 96] 17.8] 272) 124) 19.7 385) 180/222, 2 41 5 
G-10 81 44) 7.5] 106 60)5 7,5 95) 161 65| 7.5) 181 70| 7.5 217 82) 27.5 . 32 
H-10 88 2) L105 65} 12.7| 1.14} 230} 112) 13.4) 310) 137] 13.8 470} 174|214.7 43 
T-10_ 161 94) 12.7] 215} 117] 13.8} 1.35} 412) 186] 14.5} 545) 215) 15.0 770} + 250)}115.8 .42 
J -10. 56 33) eo 68 OL le Ose 72\ 108 46} 6.4} 123 49) 26.4 145 50} 2 6.4 .18 ? 
K-10 188] 113] 28.4} 293] 165) 36.5] 4.08] 815] 395] 63.0)1,270| 575) 73.5} 3,100/1, 080} 90.0)  . 64 
L-10 66 42) 8.4 85 52) 9.1] 1.08) 147 85) 12.0} 186 94) 13.3 220 94/213.3 . 34 
M-10 101 68} 138.7} 135 90| 14.7) 1.53] 267} 150) 17.7) 327) 183} 18.6 395) 215/219. 0 -43 
N-10 155 86} 10.5} 203 94} 10.8] .95] 333} 109) 12.0} 360) 109) 12.6 380} 109)213. 0 - 40 
O-10 243} 150} 21.5) 341] 190} 21.5] 1.58] 715} 293] 21.5} 849) 3805] 21.5) 950) 314/2?21.5) .50 
A-20 124] 70] 17.7} 177) 101) 21.5} 3.40} 400] 233) 32.2) 560] 317) 35.0) 975] 405/235. 0 Die nDoba ce 
B- 20 204| 133} 28.8] 313] 190] 36.0) 6.99] 860] 485) 57. 5)1, 250] 625] 67.0} 2,740}1, 225] 69.7 62 od 33 
C-20 79 44; 9.3] 106 67) 10.6) 1.4 209} 101) 13.1) 272) 123) 13.5 419) 153/218.7 42 30 16 
D-20 117 84| 18.4] 158] 112] 20.6] 2.25} 320) 210) 26.0) 423) 255) 27.3 630] 295}228. 5 44 -40 16 
F-20 90 44] 14.8) 127 62] 18.5] 2.49] 278) 132) 30.6) 385) 183} 36.1 760) 345) 38.0 49 47 38 
G-20 133 68] 12.4) 176 90] 13.0] 2.14] 325} 158] 14.2) 425) 179] 15.0 630) 200/216. 9 39 . 39 07 
H-20 148 93] 21.9} 220} 131) 27.2) 3.68] 555) 283] 42.0] 780} 3863) 46.1] 1,620} 600/248. 0 58 .49 31 
I-20 217| 160] 33.5} 330} 219] 41.0} 6.20] 850] 460} 58.1]1,210} 595) 63.0} 2,190} 870/267.0 59 -46 28 
J-20_ 108 67| 11.2) 143 86| 12.1] 1.73} 287) 143] 14.3} 360} 168} 15.0 460} 202/215. 4 42 .35 14 
K-20 | 2320} 262) 57.5) 2495] 394] 82. 0/12.5 |1,400/1, 025/185. 0}2, 170)1, 550/233. 0) 6, 150)3, 460/300. 0 64 . 59 50 
L-20 110} 73] 18.9) 149) 94] 23.8) 2.93) 300) 185) 30.1) 387] 232) 32.4) 465) 238)232.7 44, .41) .20 
M-20 117 82} 16.4) 181} 110] 18.3) 3.22} 430} 213) 24.0} 575) 277) 26.4 860) 340)226. 5 54 41 17 
N-20 273| 160] 34.6] 375] 200] 36.0} 2.52) 775] 320} 38.5)/1,040} 339) 39.8] 1,300) 350)241.5) .45) .31/ .05 
O-20 342} 267) 57.0) 535) 375) 57.3} 3.90/1,470| 800) 57.8)2, 040/1, 000} 58. 0} 3, 000/1, 180} 58.7 . 65 -49| 201 
P=20 89 45) 14.7] 126 62] 17.7] 3.18] 282} 136} 27.9) 400) 178] 33.7 700) 280/244. 0 . 50 - 48). 28 | 
J-40 171] 100} 24.0) 288) 133} 26.7] 4.36) 520) 257) 34.5} 690) 317] 37.5 é 
K+40 426} 297} 96.0} 710) 505)138. 0)27.7 |2, 279/1, 630/323. 0/3, 571|2, 700/435. 0 
L~40 180} 120! 28.7) 269) 165] 36.2) 7.25) 650] 344) 58.0} 929) 460} 63.5 Y 
O-40 2500) 365/125. 0} 2890} 520/154. 0/12. 4 |1, 640)1, 170/217. 0/2, 000}1, 650)217. 0 
. 2) 3.15) '372| 2380) 51.2) 550) 322) 62.0 ! 






































1 Tangent of viscosity—rate of shear curve between 0.05 sec.—! and 0.1 see.—!. 
2 Values obtained by extrapolation from viscosity—rate of shear curve. 


Table 7.—Limiting viscosities of asphalt cements, by viscosity grades 


Limiting viscosities, megapoises 








Asphalt 
code AC-5 AC-10 AC-20 AC-40 
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1 Values obtained by extrapolation from viscosity—rate of shear curve. 
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igure 3.—Viscosity (0.05 sec.—! shear rate) and temperature relation for selected asphalt 
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Figure 4.—Limiting viscosity and temperature relation for selected asphalt cements. 
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both test temperatures, but the correlation 
obtained at the 60° F. test temperature 
seems to have been somewhat better than 
that obtained at 77° F. The equations 
derived by the method of least squares for 
the relation between log viscosity and log 
penetration at each temperature are: 


At 60° F., 
log viscosity (megapoises) 
=3.54—1.67 log penetration. 


At77° F., 
log viscosity (megapoises) 
=3.86—1.89 log penetration. 


Ductility 


The value of a ductility requirement in 
specifications for asphalts has been the subject 
of debate among asphalt technologists since 
its introduction in the early part of this 
century. Some technologists are of the opin- 
ion that ductility, under the present standard 
test method, is of little value as an indicator 
of asphalt quality. Others believe that the 
ductile properties of asphalt give an asphalt 
pavement its quality of flexibility—the ability 
to conform te moderate deflections or changes 
in supporting layers without permanent crack- 
ing or disintegration. Some believe that 
ductility is related to stickiness or ability to 
adhere to aggregate and other surfaces. 
Regardless of the merits of the various argu- 
ments, some studies (1/2, 13) have related 
ductility to pavement performance. 

The ductility requirements proposed in the 
study specifications were a minimum of 60 cm. 
at 60° F. for grade AC-5 and a minimum of 
100 cm. at 77° F. for grades AC-10, AC-20, 
and AC-40, respectively. The results of 
ductility tests, table 4, at these temperatures 
show that, except for asphalt E-5, all asphalts 
were well above the proposed requirements for 
their respective grades. On the whole, these 
results are similar to the results obtained on 
penetration-graded asphalts (4, 5), thus indi- 
cating that viscosity grading did not materially 
affect ductility characteristics as measured by 
present specified standards for ductility at 
Cie 

Inspection of the ductility results at tem- 
peratures of 45° F. for the AC-5 grade asphalts 
and at 45° and 60° F. for the other grades 
shows large differences for the asphalts from 
different sources. To explore what relations 
might exist between the viscosity data and 
ductility, several correlations were tried at 
45° and 60° F. A good relation between 
ductility and viscosity existed among asphalts 
from the same source but none among asphalts 
from different sources. However, good cor- 
relations existed between ductility and shear 
susceptibility at 45° and 60° F. for all the 
asphalts tested, regardless of source. The 
equation derived by the method of least 
squares for the relation shown in figure 11 
between log ductility and shear susceptibility 
at 60° F. is: 


log ductility =3.19—4.88 shear susceptibility 


The shear susceptibility values were calcu- 
lated from the tangent drawn between 0.05 


37 


38 


ABSOLUTE VISCOSITY, MEGAPOISES 


108 


10% 


: 


DPXRWWADKAO 


Wy 


aS 





S9o2 aS 





35 40 





é SAMPLE DESIGNATIONS 


f, 


SS 


p 
oO 


50 
TEMPERATURE,? F, 


oO 
oO 


Vi 


y 





AND F 


E> 
ihe 
x 


qo Or! 





ton) 
Oo 


Figure 5.—Limiting viscosity of AC-10 viscosity graded asphalt 
cements at low temperatures. 
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Figure 6.—Flow diagrams for asphalt A-5. 



















































sec.-! and 0.10 sec.-! rates of shear on tk 
viscosity-rate of shear curves obtained in tk 
viscosity determinations. Except for aspha 
I-20, those asphalts having a ductility of mo: 
than 150 ecm. had shear susceptibilities le 
than 0.25. It is evident that this relatic 
between ductility and shear susceptibiliif’ 
could provide a basis for using shear suscept 
bility rather than the present ductility r 
quirements and possibly could effect ¢ 
economy in testing in viscosity-graded spec 
fications. The low temperature  viscosii§ . 
determination of shear susceptibility involvirf 
a simple calculation could be obtained in tl 
viscosity test. 





Durability 


Starting about 1955, many specificatio: 
for asphalt cements incorporated requir 
ments for the thin-film oven test to provi 
more assurance of durability, particular 
resistance to hardening during hot mixing a1 
in service. The thin-film oven test w 
proposed in the study specifications but 
viscosity ratio based on viscosities at 140° 
before and after heating was used in pla 
of the percent of retained penetration in t. 
penetration grade specifications. The resul es 
of the thin-film tests on the viscosity-gradiff ’ 
asphalts are given in table 5. To provi 
additional information for comparative pt 
poses the tests made on the residues cover 
considerably more than was required in t 
study specifications. 


The viscosity ratios at 140° F. were w 
under 5, the ratio proposed. Actually, : 
ratios, except that shown for asphalt P-2 
were less than 4. Also, all the asphalts we 
within the maxima specified for perce 
retained penetration in both the prese 
ASTM and AASHO specifications for asphi: 
cements. This would indicate that, for t 
asphalts studied, the proposed maximt 
viscosity ratio at 140° F. was either unnec 
sarily liberal or that borderline materials we 
not included in the tests. The viscosity rat: 
for asphalts of different grades from the sat 
source did not differ significantly. This is 
contrast to experience with penetration gra 
asphalts in which the percent retained pei 
tration usually decreases with an increase 
penetration. 

Because the thin-film test had been ¢ 
veloped and used on the basis of penetratic 
at 77° F., and the study proposal us 
viscosities at 140° F. as criteria, a determi 
tion was made as to whether the propos 
criteria were satisfactory or whether viscosit 
at different temperatures would provide 
better evaluation. Accordingly, viscosity ° 
tios at both 140° F. and 60° F. were plott 
against the percent of retained penetration 
77° F. for each grade, as shown for the AC. 
asphalts in figure 12. The 60° F. viscos 
ratios are given at three different shear ra 
because at this temperature shear suscey 
bility could affect the results. The fig 
shows that good correlations were not 1 
tained. This result is in contrast to 1 
correlation obtained between viscosity ra 
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perature (T,) of 60° F. (288.7 Kelvin) for selected asphalt cements. 
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Vhen the thin-film test was first proposed, 
luctility requirement for the residue was 
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Figure 8.—Horizontal shift factors (ay) for selected asphalt 


recommended because some asphalts showed 
an abnormally large loss in ductility during 
heating. As indicated previously, there is 
evidence that low ductility, caused by harden- 
ing occurring in hot mixing or in service, is 
associated with poor performance. Accord- 
ingly, Public Roads, AASHO, and many State 
specifications include a requirement for mini- 





























However, the present ASTM specification and 
the proposed study specification do not include 
this requirement. The ductility character- 
istics of the thin-film residues of the asphalts 
are given in table 5. 

Using the penetration of the original asphalt 
as a basis for comparison, the results at 77° F. 
show that the asphalts met the AASHO 
requirements for ductility of thin-film residue 
for the respective penetration grades. There 
is generally a substantial decrease in ductility 
at the 60° F. test temperature, and a specifi- 
cation requirement at this or a lower tempera- 
ture might provide better criteria. No 
correlation was present between ductility and 
viscosity at 60° F. However, a relatively 
good correlation between ductility and shear 
susceptibility at 60° F. was obtained for all 
asphalts, as shown in figure 13. The equation 
derived by the method of least squares for the 
relation between log ductility and shear 
susceptibility of the thin-film residue at 60° F. 
is: 
log ductility 


= 2.66 — 4.19 shear susceptibility 


This supports the previous finding on the 
original asphalts that shear susceptibility may 
be useful as a specification requirement in 
place of the ductility test. It is pointed out 
that each value for shear susceptibility and 
ductility used in this correlation was obtained 
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Figure 10.—Relation between penetration at 77° F. and viscosity 
at 77° F. (0.05 sec.—! shear rate). 
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Figure 11.—Relation of ductility and shear susceptibility at 60° 
of all asphalts tested. 
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Figure 14.—Viscometer assembly during 
test run. 





ass plates, and prepared test specimen. 


t 60°) 





igure 16.—Recorder, showing load trace. 


dControlied Shear Rate Viscometer 
| Test Method 


_The method for the determination of the 
—seosity of paving grade asphalt by use of a 
‘ding plate viscometer at controlled rates of 
iear is applicable to materials having vis- 
(sities in the range of 105 to 10!° poises and is 
erefore suitable for use at temperatures 
4.0° C., 15.6° C., and so on, where viscosity 
i in the range indicated. Its use also is 
iitable for determinations on materials hav- 
g either Newtonian or non-Newtonian flow 
‘operties. Shear susceptibility may also be 
termined. The details of the method of 
st are given in reference (7). 

) An asphalt film of known thickness is formed 
»tween matched pairs of aluminum or glass 
ates. One plate is clamped in a fixed posi- 
on, the other is displaced at constant, 
*eselected velocities, and the constant shear- 
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| 
igure 15.—Viscometer clamps, matched 


Table 8.—Viscosity results at low temperatures for selected 











asphalts 
Temperature, Temperature 
° ¥., and Rate of Viscosity ° ¥., and ; Rate of Viscosity 
asphalt code shear asphalt code shear 
number number 
39.2: Sec.-! Megapoises || 60: Sec.-1 Megapoises 
Se tS Og Be 4, 39X10-2 86.8 anos = ese 4. 7310-2 %. ips 
1. 7610-2 122 1. 8910-2 7. 25 
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Table 9.—Horizontal shift factors (a7) for 
different temperatures 
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ing force is measured. Rate of shear, shear 
stress, and viscosity are calculated from the 
dimensions of the specimen, displacement 
velocity, and the shearing force developed in 
the test. When several displacement veloci- 
ties are used, shear susceptibilities may also be 
determined for non-Newtonian materials. A 
non-Newtonian complex liquid is a liquid in 











which the rate of shear is not proportional to 
the shearing stress. This method measures 
the viscous flow behavior of asphalt at rela- 
tively low shearing rates (1 to 10-4 sec.~!) 
and low temperature ranges (15.6° C. and 
below). 

A sliding plate viscometer is shown in 
figure 14 and the clamps, matched glass 
plates, and a test specimen are shown in 
figure 15. A load trace on the recorder is 
shown in figure 16. 
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UREAU OF PUBLIC ROADS 


an operational study. 


more explanatory than others. 


Introduction 


NHE RAPID evolution of computer-orient- 
(Fea trip distribution techniques coupled 
ith the pressing deadlines of the major urban 
jansportation studies has made it difficult 
\ start a comprehensive program for testing 
jd evaluating the most widely used trip 
istribution techniques. Individual applica- 
ons of trip distribution models often have 
volved a certain amount of research, and 
3a byproduct of these applications, revisions 
ad improvements in each of the techniques 

been made. However, since about 


i 
| 
| 


ave 
363, the rate of evolutionary development 
- 1s slackened to the extent that most of the 
schniques are now considered to be mature. 
| This article is a report on the results of a 
ssearch project conducted by the Urban 
jlanning Division of the Bureau of Public 
oads to test, evaluate, and compare four 
jajor trip distribution techniques. These 
‘e the Fratar growth factor procedures as 
2veloped by Thomas J. Fratar and utilized 
© many transportation studies (/)%; the so- 
led gravity model, currently the most 
idely used of the mathematical travel 
rmulas (2); the intervening opportunities 
todel developed by Morton Schneider of the 








1 Presented at the 44th annual meeting of the Highway 
esearch Board, Washington, D.C., Jan, 1965. 
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‘ven County Land Use Transportation Study; formerly 
* was a Highway Engineer, Urban Planning Division. 
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Evaluation of 


Trip Distribution Procedures 
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Reported! by! KEVIN E. HEANUE, Highway Engineer, 
Urban Planning Division, and CLYDE E. PYERS? 


The results of a research project designed to test, evaluate, and compare four 
major trip distribution techniques are presented in this article. 
niques are the Fratar growth factor procedures as developed by Thomas J. 
Fratar and utilized for many transportation studies; the so-called gravity model, 
currently the most widely used of the mathematical travel formulas; the inter- 
vening opportunities model developed by Morton Schneider of the Chicago Area 
Transportation Study (CATS) and since then utilized for several other major 
studies; and the competing opportunities model suggested by Anthony Toma- 
zsinis of the Penn-Jersey Transportation Study (P-J), but as yet not utilized in 


These tech- 


These techniques present interesting contrasts in their approach to the trip 
distribution problem. People as social beings do not order their lives according 
to strict physical or mathematical laws and no single model could ever be ex- 
pected to perfectly match reality; however, some theories can be expected to be 
In this article an attempt has been made to 
give the potential user of trip distribution models insight into the theoretical 
differences underlying the models, as well as knowledge of some of their advan- 
tages and disadvantages in a practical application. 
as forecasting tools is also presented in an analysis of the accuracy of model 
forecasts made for a 7-year historical period for Washington, D.C. 


The validity of these models 


Chicago Area Transportation Study (CATS) 
and since then utilized for several other major 
studies (3); and the competing opportunities 
model suggested by Anthony Tomazinis of 
the Penn-Jersey Transportation Study (P-J), 
but as yet not utilized in an operational 
study (4). 

The mathematical model techniques differ 
in the approach to the trip distribution prob- 
lem. These models can be classified into two 
categories: growth factor procedures and in- 
terarea travel formulas. For the growth 
factor procedures, growth factors that reflect 
land-use changes in the zones are used to ex- 
pand a known travel pattern to some future 
year. The interarea travel formulas simulate 
travel distributions by relating them to char- 
acteristics of the land-use pattern and of the 
transportation system. The interarea travel 
formulas require calibration; that is, a deter- 
mination of the effect of spatial separation on 
travel, prior to their actual application as 
forecasting tools. 


Conclusions 


On the basis of the research reported in this 
article, it is concluded that the gravity model 
and the intervening opportunities model had 
about equal reliability and utility in simulating 
the 1948 and 1955 trip distributions for Wash- 
ington, D.C. Although use of the Fratar 
growth factor procedure correctly expanded 
trips for stable areas, this procedure had sig- 
nificant weaknesses when applied to areas 
undergoing land use changes. 


The competing opportunities model, in ex- 
ploratory work in the Penn-Jersey study at a 
district level (grouping of zones), offered prom- 
ise as a useful tool. However, it is concluded 
that this procedure may not be useful for 
determining trip distributions between traffic 
zones as small as the Washington, D.C. zones. 


Study Procedures 


For the study reported here, an attempt was 
made to establish a standard set of test con- 
ditions for evaluating the four procedures. It 
was not possible always to adhere to strictly 
comparable conditions but each variation from 
a common base is fully discussed. 

Basic data sources for the analysis were the 
1948 and 1955 home interview travel surveys 
conducted in Washington, D.C. The 1948 
survey covered 5 percent of the dwelling units 
in the metropolitan area. In 1955 a repeat 
survey was conducted. In the repeat survey, 
occupants of 3 percent of the dwelling units 
were interviewed within the District of 
Columbia. Elsewhere in the area, occupants 
of 10 percent of the dwelling units were inter- 
viewed. Figure 1 is a map of the study area. 

The boundaries of the 1948 and the 1955 
study areas were not exactly matched. Every 
attempt was made, however, to make the 1948 
and 1955 analysis zones compatible. This 
was not a critical problem when the interarea 
travel formulas were used, as the only variable 
projected directly is the effect of spatial 
separation on trip making. This variable is 
independent of zone configuration. The 
Fratar procedure, however, com- 
patible zones for base and projection years. 
For the Fratar analysis it was necessary to 
reduce the 400 zones used in the standard 
analysis to 362 units that were comparable 
Mostly, this involved eliminating zones that 
were external to the 1948 study area but 
internal to the 1955 study area and thus had 
Certain irregularities 


requires 


zero trip ends in 1948. 
in zonal boundaries still were present; however, 
their effect was not 
changes in the location of external cordon 
stations between 1948 and 1955, all trips 
crossing the cordon—external trips—were 
omitted from the analysis. The basic trips 
considered were the total person trips by all 
modes expanded from the home interview 
surveys. Trips recorded in the special truck 
and taxi surveys were not included. 

Although the test period covered by this 
analysis was only 7 years, the characteristics 
of the area changed significantly in this time. 


serious. 3ecause of 
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Figure 1.—Study area for O-D surveys, Washington, D.C., 1948 
and 1955. 


The population increased 38 percent to almost 
1.5 million; the number of person trips in- 
creased by more than 42 percent; and the 
number of passenger cars owned by residents 
increased 96 percent, almost double. Proba- 
bly the most significant change in the study 
area, during the 7-year period, was the 
decentralization of many activities. Resi- 
dential, employment, and shopping activities 
all were relatively less oriented to the central 
business district (CBD) in 1955 than in 1948 
(5). Total trips to the CBD decreased rela- 
tively from 28 percent to 21 percent of the 
total person trips. 

The study reported here was designed so 
that the 1948 survey data would be used as 
the base year travel pattern for the Fratar 
procedure and as a calibration source for the 
interarea travel formulas. The 1955 travel 
survey data were used as a control against 
which all forecasts were checked. To estab- 
lish the Fratar growth factors, trip ends re- 
flecting the 1955 characteristics were taken 
directly from the 1955 O-D survey trip ends. 
Also, these trip ends were used directly as 
producing and attracting powers of the zones 
when the synthetic distributions were calcu- 
lated with the interarea travel formulas. The 
1955 trip ends were used rather than estimates 
developed in a land use and trip generation 
analysis, to restrict the possible sources of 
error to those inherent within each of the 
distribution procedures. 


Fratar Procedure 


The Fratar procedure has been proved to be 
computationally the most efficient of the 
growth factor techniques (6). The basic 
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premise of the Fratar procedure is that, the 
distribution of trips from a zone is propor- 
tional to the present movements out of the 
zone modified by the growth factor of the zone 
to which the trips are attracted. The future 
volume of trips out of a zone is determined 
from the present trips out of the zone and the 
growth factors developed for the zone. In 
previous applications of the Fratar procedure, 
generally only one trip purpose had been used. 
The Urban Planning Division of the Bureau 
of Public Roads, in 1962, developed a Fratar 
procedure that uses up to 10 trip purposes. 
This program also permits the application of 
growth factors by mode, time of day, or for 
trips entering or leaving a zone. The basic 
formula for the directional purpose Fratar 
procedure is: 


Ti = tiG.G; (=3*) 


Where, 

7T;; = Future year trips from zone z to zone 
j with a given purpose at zone 7 
and a given purpose at zone j. 

t;; = Base year trips between zone 7 and 
zone jg with a given purpose at 
zone ~ and a given purpose at 
zone 7. 

G; = Growth factor for zone 7 for a given 
purpose. 

L; = Locational factor 
ti 


ae 
Do tak; 
j=l 


t; = Base year trip ends at zone 7 for 
a given purpose. 







The directional purpose Fratar allows thijy 
procedure to be sensitive to the type of lani}y 
use changes that are occurring in a given zone }y 
For example, work trips can be expanded a S 
function of employment changes only. Prio, ‘1 
to the development of the new compu ie i 
program, all trips regardless of purpose wer }\ 
expanded by a measure of the overall growt, i 
of the zone. | t 

ig 


ib 
| 


























Gravity Model ; 


The gravity model is the most thoroughl ' 
documented of the trip distribution technique)’ 
(7, 8, 9, and 10). This technique, loosel|)” 
paralleling Newton’s gravitational law, ||) 
based upon the assumption that all trig|)” 
starting from a given zone are attracted b ; 
the different traffic generators and that thi!” 
attraction is in direct proportion to the siz|) 
of the generator and in inverse proportion { 
the spatial separation between the area 
The Public Roads computer battery gravit}) 
model program was used in the research r 
ported here. The basic gravity model form 
lation is: 


P= ARK 
SY vad n 
A ;FjKi; 
j=l : 
Where, . 
T ;= Trips produced in zone z and attracte 
to zone 7. 


P;=Trips produced in zone 7. 

A;=Trips attracted to zone j. 

F ;;= Empirically derived traveltime facto 
(one factor for each 1-minute inet 
ment of traveltime) that are a fun 
tion of the spatial separation betwe: 
the zones. These factors expre 
the average areawide effect of sp} 
tial separation on trip interchang hy 

K,;=Specific zone-to-zone adjustment fe 
tor to allow for the incorporation 
the effect on travel patterns of ¢ 
fined social or economic linkages n 
otherwise accounted for in the gra 
ity model formulation. 

The traveltime factors are developed in 

iterative procedure that is continued until t 
synthetic trips calculated for each trip-leng 
interval closely match the surveyed trips } 
ported for the same intervals. Any convenie 
set of traveltime factors may be used to sti 
the iteration procedure. 


in 
ps 


Intervening Opportunities Model 


For the intervening opportunities moc 
a probability concept is used that in esser 
requires a trip to remain as short as possi 
and to be lengthened only when a pr 
destination is not acceptable. An eq 
areawide probability of acceptance for a 
origin is defined for all destinations in a giv 
category. In use of this model, all t 
destinations (opportunities) are conside: 
in sequence by traveltime from zone of orig 
The first destination considered is the ¢ 
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ay: 
est to the origin of the trip and its accept- 
xe has the stated areawide probability of 
eptance. The same basic probability of 
eptance exists for the next opportunity but 
» actual probability of its being accepted 
ecreased by the possibility of the trip- 
ker having accepted the first opportunity 
his destination. The procedure is applied 
each successive destination from point of 
gin but, for each successive opportunity, 
- actual probability of its being accepted 
sreases. Thus, spatial separation for the 
ervening opportunities model is measured 
terms of the number of intervening desti- 
fbions rather than in terms of the absolute 
veltime, cost, or distance between one 
1e and the other. The intervening oppor- 
Baities are determined by arraying the 
ilable destinations in all zones by traveltime 
fim the zone of origin. The formulation 
the procedure is: 


T j=O [e-LD — e-L+ DD] 


originating in zone 7 with 
destinations in zone j. 
O;= Trip origins in zone 7. 

D=Trip destinations considered prior to 

zone j. . 
D;=Trip destinations in zone 7. 

L= Measure of probability that a random 
destination will satisfy the needs of a 
particular trip. It is an empirically 
derived function that describes the 
rate of trip decay with increasing trip 
destinations and increasing length of 
trip. 

e=Base of natural logarithms (2.71828). 





his model is calibrated by varying the prob- 
ility values until the simulated trip distri- 
‘tion reproduces the person hours of travel 
d percent intrazonal trips of the surveyed 


Competing Opportunities Model 


Essentially the basic concept of the com- 
ting opportunities model is that opportuni- 
ss or destinations compete for trips within 
ual traveltime, travel distance, or travel 
st bands as measured from the zone of 
igin. Within a given band, each destina- 
om has an equal probability of acceptance. 
ie probability that trips will be distributed 

a certain zone is the product of two inde- 
mdent probabilities. The first, called the 
‘obability of satisfaction, reflects the chances 
tat a trip will be of a particular length and is 
04 function of the destinations at a greater 
(stance than the time band under considera- 
em. The determination of the specific 
sstination within this time band is quantified 
qi ® probability of attraction, which is 
_ dlated to the available opportunities that fall 
Fi ithin the area up to and including the time 
;imd considered. The mathematical formu- 
Hon for this procedure is: 


id 
til 
Joa 
Ips 
el 
» sh 







da 


Ts; a O:Pa;Ps; 


Where, 

T;;=Trips produced in zone? and attracted 
to zone j. 

O;=Trip origins in zone 7. 

Pa; = Probability of attraction 

=destination available in zone j divided 

by sum of destinations available in 
time bands up to and including 
band m, 

Di 
™ 
Dae 
k=0 
Ps; = Probability of satisfaction 

=1 minus the sum of the destinations 
available in time bands up to and 
including band m divided by the 
sum of total destinations in study 
area. 
™ 
D;, 
k=0 
n 


> Dk 


k=0 


=1— 





k=Any time band. 
m= Time band into which zone j falls. 
D,,= Destinations available in time band k. 
n=Last time band as measured from 
origin zone 7. 
D;= Destinations available in zone j. 
This model is calibrated by varying the width 
of the attracting bands until the trip length 
characteristics of the synthetic trips corre- 
spond to the trip length characteristics of the 
surveyed trips. 


Basic Tests 


Four basic tests were used to measure the 
ability of the different procedures to repro- 
duce the total person trip movements of the 
known travel patterns. These tests evaluated 
the procedures as to: (1) ability to match the 
trip length frequency distribution from the 
O-D survey; (2) ability to produce river 
crossing volumes that matched O-—D survey 
volumes; (5) ability to match O-D survey 
trip movements by corridor to and from the 
CBD, and (4) accuracy of model as measured 
by statistical comparison of O-D_ survey 
trips and model trips assigned to a spider 
network. 

The Fratar procedure could not be tested 
against 1948 data because its base is the 
survey data. However, some validation for 
the other travel formulas was accomplished 
against base conditions. Such validation is 
an essential part of calibrating the models 
before they are used for projection. The 
accuracy of this base year simulation is 
typically the most important check in the 
calibration procedure. This check is based 
on the fact that the calibrated travel model 
must accurately simulate the base year travel 
pattern before the same model can be ex- 
pected to simulate accurately a travel pattern 
for a future year. 

The trip length frequency comparisons were 
made by 1-minute time intervals. A com- 
parison of the O-D and model trip-length 


frequency curves and mean trip lengths pro- 
vides a measure of the accuracy of the estimate 
of person hours of travel for the total area, 
Such a comparison also provides an indication 
of the accuracy of the trip distribution. 

The river crossing tests were made on the 
basis of screenlines set up on the Potomac and 
Anacostia Rivers. Because of the trip defi- 
nition, the base screenline values were the 
O-D survey person movements rather than 
actual vehicle counts. The analysis of move- 
ments by corridor to and from the CBD was 
designed to detect any bias in the estimated 
travel patterns. The gravity model computer 
program provides for the use of adjustment 
factors to correct for bias. When the other 
techniques are used, it is usually assumed that 
the procedure adequately distributes trips and 
that adjustment factors are not needed. 

The statistical analysis of trips assigned to 
a spider network was used as the fourth test 
on the procedures. A spider network consists 
of airline distance connections between adja- 
cent zone centroids. The resultant differences 
between the O-D and model assignments were 
arrayed by volume group and the root mean 
Square error was calculated. This test pro- 
vides a measure of the overall accuracy of the 
final trip distribution. 


Calibration of Interarea Travel 
Formulas 
Gravity model 


In previous research with the gravity model, 
the Washington, D.C., 1955 O-D data were 
used as a calibration base rather than the 1948 
data (7, 8). The model parameters were in 
effect forecast backward from 1955 to 1948. 
For the research reported here, the gravity 
model was recalibrated and the 1948 O-D data 
were used as a base. These 1948 model 
parameters were used to forecast 1955 travel 
patterns. The research results showed that 
the same traveltime factors held for both 1948 
and 1955 and that the K factors (socio- 
economic adjustment factors) also had the 
same relation with average family income by 
district for both periods. Some doubt existed 
as to whether the river crossing time imped- 
ances could have been properly forecast 
without the knowledge gained from the former 
research, but for comparisons made in the 
study reported here it was assumed that the 
river barriers could be properly forecast. The 
impedances varied from 5 and 3 minutes for 
work and nonwork trips in 1948, to 6 and 5 
minutes in 1955, respectively. The 1955 river 
crossings were forecast from 1948 on the basis 
of the relative congestion levels for the 2 years 
(8, p. 26). The traveltime factors for each of 
the six trip purposes used for both 1948 and 
1955 are shown in table 1. 


Intervening opportunities model 


Several methods of calibration of the inter- 
vening opportunities model were tried for the 
1948 Washington area data. The best pro- 
cedures and the final calibration parameters 
were incorporated into the study discussed 
here. The several methods of calibration and 
the resultant findings are documented in 


45 





25 


UNIFORM 7-MIN. 
TIME BANDS 





nN 
° 


UNIFORM 5-MIN. 
TIME BANDS 





oa 


TRIPS 10 


712,814 | 20.780 
712,814 | 14.175 


~. 





PERCENT OF TRIPS 
° 





TRAVELTIME IN MINUTES 


Figure 2.—Work trip length distribution in uniform time bands 
from O-D survey and competing opportunities model, Wash- 


ington, D.C., 1948. 


reference (11). The methods of calibration 
and forecasting of the model examined are 
very olose to those used previously in Chicago 
and elsewhere except that procedures were 
developed to ensure that the model would both 
send and attract approximately the correct 
number of trips for each zone in the study area. 
Without these adjustments, only 84 percent 
of the total trips were distributed and trips 
to the CBD were overestimated by 20 percent. 

Trip ends were stratified into long resi- 
dential, long nonresidential, and short. Both 
long and short ZL values were developed 
through an iterative process to ensure that, 
when the final Z values were applied to the 
appropriate trip ends, a satisfactory average 
trip length, trip length frequency curve, and 
number of intrazonal trips would be obtained 
for the total trips—all three trip types 
combined. 

The river crossing time impedance was 
needed for the intervening opportunities 
model as well as for the gravity model. The 
additional bridge crossing time required for 
the 1948 intervening opportunities model 
calibration was 5 minutes. The use of 
procedures developed in the gravity model 
research to forecast the impedance for the 
intervening opportunities model estimated 
that an 8-minute impedance was required for 
1955 data. Although use of this 8-minute 
forecast time penalty did materially improve 
model accuracy, estimated Potomac River 
crossings by the intervening opportunities 
model were approximately 16 percent high. 
The differences in forecast time penalty by 
the gravity model and the intervening oppor- 
tunities model were caused by the different 
trip purpose categories, which required differ- 
ent weighting of peak hour trips. The basic 
structure of the models also made it necessary 
to use different impedances for 1948 data. 

An increase in the total number of trip 
destinations or opportunities requires that 
the probability of any one of these destina- 
tions being accepted for any given origin be 
reduced. Because of the growth in total 
and intrazonal trips in the study area, the 
1948 L (probability) values required reduction 
for use in 1955 forecasts. The final 1948 
long and short Z values were 2.50 10-8 and 
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13.00 10—°, respectively, and they were 
reduced to 1.65X10-§ and 10.80X10-° for 
the 1955 forecasts. These adjustments were 
made on the basis of the actual growth in 
total destinations between 1948 and 1955 (71). 


Competing opportunities model 


The competing opportunities model proved 
to be very difficult to calibrate. Because no 
systematic calibration procedures were avail- 
able, many alternate approaches were tried. 
Initially, equal time bands were used for work 
trips but this was not successful, as shown in 
figure 2. Time bands of different widths were 
utilized and the results became more meaning- 
ful. It seemed that the best simulation for 
work trips was obtained when the first time 
band incorporated the majority of the oppor- 
tunities in the study area. This broad band 
was followed by equal 2-minute bands. Even 
with this approach, however, it was impossible 
to obtain a trip length frequency distribution 
that approached the O-D trip length fre- 
quency. As shown in figure 3, for a 24- 
minute time band the peaks of the curve 
are too high and the curve for the 40-minute 
time band, which is similar in shape to the 
O-D curve, is offset approximately 4 minutes 
to the right. No grouping of time bands that 
would fit the O—-D curve could be determined. 
The calibration attempts were stopped at this 
point. 

The calibration of the competing oppor- 
tunities model in the Penn—Jersey (4) area 
involved a district rather than zonal analysis. 
This in effect restructured the grouping of 
opportunities by greatly increasing the number 
of intrazonal trips. To date a calibration at 
the zonal level has not been attempted in the 
Penn-—Jersey study. For purposes of the 
research reported here, the authors believe 
that the model would have to prove opera- 
tional at the zonal level to be of universal 
value. District analysis was not attempted 
as a part of the subject research. The only 
other difference from the Penn-—Jersey appli- 
cation involved the measure of _ spatial 
separation. Because of the grossness of the 
measure, particularly of the first opportunity 
band, where all trips in a +20-minute time 
band would be treated equally, the use of 


Figure 3.—Work trip length distribution in different time bar 
from O-D survey and competing opportunities model, Wa: 
ington, D.C., 1948. 
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Table 1.—Traveltime factors by trip purpo#™ 
Washington, D.C., 1948 and 1955 


Traveltime factors for— 


Home based trips, by purpose 
Travel- 
time, 








min- Social home 
utes and Mis- | basec 
Work | Shop-| recre- | School} cella- | trip 
ping pace neous 
a 














1 1,000 | 8,700 | 2,000 | 4,200 | 2,600 | 1,600 
2 1,000 | 8,700 | 2,000 | 4; 200 | 2’ 600 | 1,600 
3 1,000 | 8,700 | 2,000 | 4,200 | 2’ 600 | 1,600 
4 1,000 | 8,700 | 2,000 | 4,200 | 2,600 | 1,600 
5 1,000 | 8,700 | 2,000 | 4,200 | 2,600 | 1,600 
6 1,000 | 8,700 | 2,000 | 4,200 | 2,600 | 1,600 
7 1,000 | 8,700 | 2,000 | 4.200 | 2) 600 | 1; 600 
8 1000 | 8,700 | 2,000 | 4,200 | 2) 600 | 1; 600 
9 680 | 5,400 | 1,475 | 2,800 | 1,700 | 1,100 
10 500 | 3,600 | 1,100 | 2,000 | 1,200} 780 
11 400 | 2,300] 820] 1,475] 875] 580 
12 320 | 1,600! 640] 1,075] 650] 440 
13 270 | 1,120) 500] 300] 500| 340 
14 235 | '800| 400} 625| 390} 265 
15 205 | 580] 320] 480} 300] 215 


16 180 420 260 370 235 170 
17 160 310 220 280 190 140 
18 145 235 180 215 150 110 
19 130 180 152 165 125 92 
20 120 140 130 135 105 7§ 








33 40 8 24 10 13 ‘ 
34 37 6 21 9 12 1( 
35 34 5 19 7 10 { 
36 29 4 17 6 8 i 
37 27 3 15 5 7 u 
38 24 2 13 4 6 { 
39 22 2 11 4 5 4 
40 19 1 10 3 4 ‘ 
41 17 0 8 3 3 ’ 
42 15 0 7 2 3 
43 13 0 6 2 2 ( 
44 ll 0 5 2 1 ( 
45 9 0 4 1 1 ( 
46 7 0 3 1 0 ( 
47 6 0 3 1 0 ( 
48 5 0 2 1 0 \ 
49 4 0 1 0 0 \ 
50 3 0 1 0 0 | 
51 3 0 0 0 0 ! 
52 2 0 0 0 0 | 
53 2 0 0 0 0 \ 
54 1 0 0 0 0 y 
55 1 0 0 0 0 | 
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veltime rather than travel costs as the 
usure of spatial separation seems justified. 


Analytical Tests 
. “he analytical tests considered as a group 
ta w the measures of accuracy of the different 

“}eedures as well as providing data that 
mit insight into the theoretical differences 
lerlying the techniques. Some of the ques- 


10 : 
iis that can be considered are: (1) Do 
jjjan residents maintain a continuum of 


‘ilivel patterns over time modified only by 
i} growth of the area as reflected in the 


.cepts weighing all attractors in direct 
portion to the size of the attractors and in 
. erse proportion to the spatial separation 
4jmeasured by the traveltime between the 

'eS; (3) or can travel patterns be best 
| 4 jained by opportunity concepts in the 

gervening opportunities model that assumes 
yple do not consider time directly but 
her consider opportunities in sequence by 
veltime and proceed on to any specific 
portunity only after having considered and 
»eted all closer opportunities; (4) or does a 
son consider all opportunities in rather 
iad time or cost bands with all opportunities 
v given band having an equal probability of 
‘eptance as in the competing opportunities 


a 
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*8 according to strict physical or mathe- 
tical laws and no single model could ever 


‘r, Some theories can be expected to be more 
jlanatory than others. The tests and 


‘ular procedure is rational; (2) the applica- 
is simple enough so that the procedure 
y be applied in urban planning studies by 
se who lack detailed experience in the 
cedure gained by research or earlier appli- 
ions, (3) the specific procedure fits the 
an area to be studied, for example, where 
re are local conditions such as relatively 
or rapid growth, inherent socio-economic 
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Figure 5.—Trip length distribution for total trips for all purposes 
from O-D survey and final calibration of intervening opportuni- 


ties model, Washington, D.C., 1948. 


trip linkages, large analysis units, that might 
make one or more of the procedures more 
applicable. Some underlying differences in 
the procedures are described in the following 
paragraphs. One of the most relevant differ- 
ences is the weight placed on the role of 
traveltime as an influence on trip distribution. 

In use of the Fratar growth factors pro- 
cedures, the existing travel patterns are ex- 
panded by considering growth in each portion 
of the study area without any specific con- 
sideration of the transportation network. 
Should changes in the traveltime between 
zones be sufficient to cause a change in travel 
patterns in the forecast year, the Fratar or 
any other growth factor technique would not 
reflect the change in travel patterns. How- 
ever, each of the interarea travel formulas 
studied—gravity, intervening opportunities, 
and competing opportunities uses time sepa- 
ration as a key variable. Thus changes in 
the transportation system and the concomi- 
tant changes in accessibility between certain 
portions of the study area are directly reflected 
in the models. 

The gravity model uses a traveltime factor 
for each 1-minute increment and, therefore, 
makes the most explicit use of absolute travel- 
time of any of the procedures. These travel- 
time factors are adjusted in the calibration 
process until there is close agreement between 
the estimated trip length frequency curve and 
the actual curve at all increments of travel- 
time. These factors, or relative weights of 
making trips of certain lengths, are then 
usually assumed to remain constant over the 
forecast period. 

In contrast to the gravity model, the inter- 
vening opportunities model does not make 
such explicit use of absolute traveltime. 
Traveltime is used instead to rank all possible 
destination zones from a particular origin zone. 
This ranking then is used to determine the 
number of intervening opportunities; that is, 
the number of destinations already considered 
before a particular destination zone is con- 
sidered. Changes in the transportation sys- 
tem and accessibility between zones over the 
forecast period are thus reflected in the fore- 
casting model. Two probability factors gen- 
erally described as the long and short L values 


are used in conjunction with the intervening 
opportunities model to determine trip inter- 
changes between zone pairs. The procedure 
of ranking used in the intervening opportuni- 
ties model does cause situations unique to 
this model. For example, those traveling 
from zones in the developed area and not 
finding a suitable destination would ignore 
time gaps and immediately consider oppor- 
tunities in a fringe community. In effect, 
any separation, or gap, would be ignored in 
use of the intervening opportunities model. 
But, when the gravity model is used, these 
separations are considered and the possibility 
of a trip crossing a gap is decreased. 

The competing opportunities model is 
somewhat unique: results from its use ap- 
proach those of the gravity model if small 
time bands are used but when large time 
bands are used, the model tends to ignore 
spatial separation. 

In evaluating and comparing the results of 
the tests, consideration should be given to the 
formulation and parameter makeup of each 
of the procedures. The amount of the actual 
O-D data used for the base calibration and 
the number of parameters requiring forecast- 
ing are important in weighing the results of 
one model against results of others. For the 
Fratar procedure, all of the base year travel 
data from the home interview survey were 
used. The travel models all required less 
O-D data than the Fratar procedure; however, 
the amount of data used, as well as the num- 
ber of parameters used to represent these 
data, varied to a considerable degree between 
the travel models tested. 


Trip Length Frequency 


Base year 


Comparisons of the final calibrated model 
trip length frequency curves with actual trip 
length frequency curves: for the gravity model, 
the intervening opportunities model, and the 
competing opportunities model can be made 
from data shown in figures 4-6. Each of 
these plots is on a slightly different basis be- 
cause of the way in which the research was 
carried out. However, each is compatible 
with the survey data with which it is shown. 


47 



































GRAVITY MODEL 
\<<~ FORECAST 








PERCENT OF TRIPS 


, 10 
MIN 
712,814 20.780 
712,814 22.659 
a 8 
_-COMPETING OPPORTUNITIES MODEL a 
24-MIN. TIME BAND FOLLOWED BY oc 
2-MIN. TIME BANDS = 
ue 5} 
(e} 
ke 
Ft 
lu 
O04 
ea 
lu 
ioe 





25 
TRAVELTIME IN MINUTES 


Figure 6.—Work trip length distribution from O-D survey and 
best calibration of competing opportunities model, Washington, 


D.C., 1948. 























Figure 8.—Trip length distribution for total trips for all purpo 
from O-D survey and gravity model, Washington, D.C., 195: 
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Figure 7.—Trip length distribution for total trips from O-D 
survey and Fratar model, Washington, D.C., 1955. 


The curves in figure 6 for the competing op- 
portunities model are for work trips only. A 
full analysis of this procedure could not be 
made because of calibration problems. The 
information in figure 6 represents the best 
calibration achieved with this procedure. 

As expected, the gravity model had the best 
agreement through most portions of the trip 
length frequency curves because of the re- 
fined degree of adjustment made during the 
calibration phase. Both the gravity and 
intervening opportunities models produced 
good duplication of the total hours of travel 
and average trip length. 

Even though the two curves for the com- 
peting opportunity model (fig. 6) have some 
agreement, no rational method could be 
found to adjust toward a more satisfactory 
model. 


Forecast year 


The trip length frequency curves from the 
travel patterns as estimated by each of the 
procedures are shown for comparison to the 
appropriate O—D information in figures 7-9. 
No forecast was made for the competing 
opportunities model. 

The Fratar procedures provided a good 
duplication of average trip length for 1955 
as shown in figure 7, although approximately 
195,000 trips out of the total available 
2,012,947 trips were not distributed because 
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Figure 9.—Trip length distribution for total trips for all purpo§,, 


of zero trip ends for certain purposes in 
particular zones in 1948. The average trip 
length of the expanded patterns for 1955 of 
18.8 minutes compares favorably with that of 
18.5 minutes obtained from the surveyed 
information. 

Travel patterns forecast with the gravity 
model likewise provided an extremely good 
duplication of the average trip length, as 
well as close agreement with the trip length 
frequency curve (fig. 8). The average travel- 
time for the forecast gravity model results 
of 18.8 minutes compared very well with the 
18.7 minutes from the surveyed data. The 
intervening opportunities model forecast is 
shown in figure 9. The average traveltime 
(driving time plus terminal times) of 20.6 
compared well with the actual traveltime of 
19.4. These figures included the use of a 
river impedance. 


River crossings 


The tests of estimated river crossings made 
on the different model results were developed 
because of definite bias in the simulated trip 
distributions of two of the models, which 
became apparent during the calibration stage 
of model development. The use of time 
penalties on the Potomac River in the base 
year and in the forecast year was required for 
both the gravity model and the intervening 


from O-D survey and intervening opportunities model, Wa} 
ington, D.C., 1955. 


opportunities model. Different impedar 
were required for the two models. The gi 
ity model research was completed first | 
procedures to forecast these time penal} 
were developed at that time. When ttl} 
procedures were applied during the interver |g : 
opportunities research, the error in the fit 
cast year was reduced substantially but 1. 
completely. The penalties required in } 
gravity model and intervening opportuni| 
model were different. The different meth} 
required to forecast the time penalties, 
probably related to the different manne'l 
which time is used by each model. Of cou 
the effect of the impedance to free travel, 
the form of the Potomac River bridges 
present in the 1948 surveyed trip crossi} 
which were expanded to 1955 by the Frifif, 
procedures. Table 2 data show the relaf 
accuracies of river crossing estimates for 
Potomac and Anacostia Rivers for each of 
models for both the calibration and forecas 
phases. The effect of the use of time in 
dances for the gravity and interve 
opportunities model is included. 


Movements by Corridor 


A test on the movements by corridor to 
from the CBD was developed to isolate 
geographical bias present in model resi 
The incorporation and need for adjustment 
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le 2.—Total trips crossing the Potomac 
d Anacostia Rivers for comparison of 
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Table 4.—Forecasting accuracy of different mathematical models 
in duplicating home interview data, Washington, D.C., 1955 


Travel between zero sector and sector number 


Potomac River | Anacostia River 


Gravity model 1 Intervening 
opportunities 


model 2 


Fratar model 3 





Differ- 
ence 
from 
O-D 

data ! 


Data source Differ- 


O-D 
survey 
trips 


O=D |= 


survey 
trips 3 





Differ- 
ence 
from 
O-D 
data 


Differ- 
ence ence 
from Trips from 
O-D O-D 
data data 


Differ- 
Trips 


Trips 


Number 
196, 255 NA 


202, 237 | +3. 05 


Percent) Number | Percent 








183,696 | NA 
184, 188 


O-D survey--- 

Gravity 
model._..__- 

Intervening 
opportuni- 
ties model_- 


Number | Number 
112, 471 | 123, 243 

52, 391 53, 830 
100, 710 87, 896 
197, 167 | 182, 558 
102, 384 | 105, 943 


64,788 | 62, 019 
95, 461 | 100, 579 
69,221 | 64,911 
57, 847 | 54, 652 


Number | Percent 
119, 613 | +6. 35 
53, 680 | +2. 46 
82,498 |—18. 08 
187, 026 | —5.14 
108, 668 | +6. 14 


70, 485 | +8. 79 
107, 037 |412. 13 
66, 541 | —3. 87 
53, 258 | —7.93 


Percent 
+9. 58 
+2. 75 

—12. 72 
—7.41 
+3. 48 


—4. 27 
++5. 36 
—6. 23 
—6. 62 


Number|Number| Percent 
112, 007 |113,972 | +1. 75 
52,213 | 47,485 | —9. 06 
88, 865 | 79,388 |—10. 66 
191, 362 |181, 933 | —4.93 
97,906 | 98, 860 | +0. 97 


64, 623 | 63, 348 | —1.97 
92, 087 | 84,960 | —7. 74 
62,125 | 62,161 | +0. 06 


+40. 27 





188, 134 | —4.14 | 193,398 | +5. 28 








246,268 | NA 
+13. 31 


—6. 22 


287,452 | NA 
281, 881 | —1.94 


296, 830 | +3. 26 


—2. 93 


Intervening 
opportuni- 
ties model_-_-| 287,447 | +16. 72 


318, 269 |-++10. 72 


‘Survey data used as base. 
gd’ Adjusted to common O-D survey base. 





sle 3.—Calibration accuracy of different 
i1athematical models, Washington, D.C., 
948 


Travel between zero sector and sector 
number 





Intervening 
opportunities 
model 2 


Gravity model ! 





Differ- 
ence 
from 
O- 


data 


Differ- 
ence 
Trips ae Trips 


data 





Number | Percent| Number| Percent 
141,105 | +4. 56 /142,595 | +5. 66 
46,110 | +2.99 | 45,407 | +1. 42 
66, 494 | —7.91 | 59,710 |—17.31 
181,860 | —6.79 |184,815 | —5. 28 
92,027 | —1.62 | 94,923 | +1. 48 


58, 550 | —6.30 | 64,999 | +4. 02 
83, 684 | +4.25 | 91,174 |+13, 58 
68,898 | +1.57 | 58,299 |—14' 06 
43,505 | +1.57 | 36,297 |—15. 26 


782, 233 | —1.48 |778,219 | —1.99 


yepal) ~TOTAL_|794, O11 
nth 


__|tIncludes K factors. 
‘IVGl/2 Does not include K factors. 


ne fi 


‘ligraphical bias has been shown for the 
‘\vity model through the use of K factors. 
‘il such adjustments were used in the Fratar 
nth intervening opportunities procedures. 


ples 3 and 4 contain information to relate 
(8); estimated patterns to and from the CBD, 
(ol) corridor, to the actual patterns obtained 
“1a the O—D surveys for 1948 and 1955. In 


ops 


|) gravity model, factors to adjust for 
graphical bias were for the work trips to 
ith CBD. 


rela 
“atistical Analysis of Assigned Trips 



























«s/AS & common measure of the accuracy of 
»ieh of the model distributions, the total 
yerson trip output for the calibration and 
ecast runs of each model were assigned to 
spider network and compared by link with 
» O-D survey assigned to the same net- 
rk, All trips were defined as going from 
{gin zone to destination zone. To achieve 
ormity, the gravity model trips were re- 
ed. Standard gravity model procedures 
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TOTAL--| 852, 440 | 835, 631 —1.97 


1 Includes K factors. 
2 Does not include K factors. 


848, 806 





51, 154 | 49, 653 


—0. 43 | |812, 342 |781, 760 


—3. 76 





3 Contains information from 362 zones only, as used in Fratar model. 
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Figure 10.—RMSE for total trips for all purposes by volume groups 
from final calibration of gravity model and intervening oppor - 
tunities model, Washington, D.C., 1948. 


were used to adjust the production to attrac- 
tion trip tables to true origin to destination 
trip tables for directional assignments. To 
do this a 50-50 split of all production to 
attraction zone-to-zone transfers was assumed 
to get back to true origin to destination 
tables. For example, in determining the 
number of trip productions and trip attrac- 
tions in any zone, the home end of any home 
based trip is always called the production and 
the nonhome end is always called the attrac- 
tion. All trips with the general purpose of 
work would be considered as going from home 
to work, the work to home portions being re- 
versed. After the model simulates trips by 
this definition, again assuming work trips, all 
home based trips are then converted to di- 
rectional volumes by assuming 50 percent are 
trips from work to home. 

Comparisons were made of directional link 
volumes assigned to a spider network and the 
differences recorded by volume group. Sta- 
tistical analyses were made of these compari- 
sons with the RMSE calculated for each model 


for each O-D volume group. The results of 
these analyses for the calibration of base year 
gravity and intervening opportunities models 
are shown in figure 10. Each model output 
includes the river time penalties. In the 
gravity model, AK factors were used to adjust 
the work trips to the CBD. Next, RMSE by 
volume group for the forecast travel patterns 
for each of the models is shown in figure 11. 
The Fratar output is shown in relation to 
the O—D from only the 362 zones where com- 
patibility for 1948 and 1955 could be achieved. 

The analyses showed that the gravity model 
forecasts were closest to the O—D data in most 
volume groups up to 1,500 trips; the Fratar 
procedure and the intervening opportunities 
model had slightly better agreement in the 
very highest volume groups. River imped- 
ances were used with both the gravity and 
intervening opportunities models. However, 
the opportunities model could not be adjusted 
as closely as the gravity model to actual river 
crossings. 
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Figure 11.—RMSE for total trips for all purposes by volume groups 
forecast by Fratar, gravity, and intervening opportunities 


models, Washington, D.C., 1955. 


The results of trip distributions by the 
Fratar procedure were biased in that 195,000 
trips, for one cause or another, could not be 
expanded. It might be expected that the 
Fratar procedures would produce results that 
would have increasing error as the forecast 
period was lengthened and land use ehanges 
increased in significance but, even over such a 
relatively short time as 7 years, the Fratar 
forecasts were not significantly better than the 
other model results. 


Analysis 


An attempt was made to test on a common 
basis the four procedures being used to 
distribute and forecast urban travel patterns. 
When large masses of data and a series of 
formulations requiring different definitions and 
calibration procedures are used, variations in 
the base conditions occur. These variations 
in the test conditions did not seriously detract 
from the analysis of the relative merits and 
weaknesses of each of the procedures. 


Fratar procedure 

The Fratar procedure requires no calibration 
and performed essentially as expected. Six 
trip purposes were used: home, work, shop, 
social-recreational, school, and miscellaneous. 
Over the 7-year period, the results from the 
Fratar procedure had a high level of accuracy 
in all analytical tests. However, the Fratar 
procedure was not tested specifically in a most 
critical area—the correct expansion of trips 
from zones that are changing from essentially 
undeveloped rural land uses to full urban 
development. Most zones in this class had to 
be eliminated from the analysis because of the 
incompatibility of 1948 and 1955 zone 
boundaries. The model by its nature does not 
require any type of adjustment because of the 
socio-economic trip linkages inherent in the 
travel patterns expanded. It was surprising 
that the Fratar procedure was only moderately 
better, in estimating trips to and from each of 
the eight sectors and the CBD, than the grav- 
ity and intervening opportunities models. 
This particular test is the most sensitive 
indicator of socio-economic bias, 
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Figure 12.—Distribution of 10,687 home based work trips fr 
zone 48 from O-D survey and by time bands from compet 


opportunities model, Washington, D.C., 1948. 


The multipurpose Fratar procedure has 
some distinct advantages in the proper ex- 
pansion of trips by purpose but also has 
certain drawbacks when compared with a 
single purpose Fratar. By expanding the 
number of trip categories to six, the possibility 
of zero volumes in the trip tables increases. 
In the Washington area, 195,000 trips were 
lost in the expansion because no trips had 
been made in 1948 in certain zones and certain 
trip categories. But in 1955, in the same 
zones and for the same trip purposes, 195,000 
trips were made. This amounted to almost 
10 percent of the 1955 trips. Had it been 
possible to include all fringe area zones in the 
analysis, the magnitude of the problem would 
have been much more serious. Again the 
most serious problems in forecasting occur for 
the urban fringe areas where, for example, 
shopping centers and golf courses are devel- 
oped on farm or vacant land. It is not pos- 
sible to achieve correct trip distributions for 
such areas unless base year trips are first 
synthesized for these areas with an interarea 
travel formula and then artificially superim- 
posed on the base year travel pattern before 
the Fratar expansion is made. 


Gravity model 


The gravity model proved adequate in most 
respects. The calibration phases are par- 
ticularly strong. Its orderly procedure al- 
lowed fine adjustments in the traveltime 
factors and the direct adjustment for socio- 
economic or geographic bias. The traveltime 
factors were stable over the 7-year period. 
One problem inherent in the gravity control 
procedure was the necessity for socio-eco- 
nomic adjustment factors—34 adjustment 
factors ranging from 2.23 to 0.29 were utilized. 
Developing relations between these factors 
and characteristics of the districts of residence 
or attraction can present problems in fore- 
casting these characteristics. In Washing- 
ton, D.C., the factors used to adjust work 
trips to the CBD were related to the average 
incomes of the residence zones. Another 
problem in use of the gravity model is the 


necessity for forecasting river impedan 
These topographical impedances, which 
probably related to historical deficiencies 
capacity that include the complete lack 
facilities, can be projected on the basis 
present and projected volume-capacity rat 
River barriers are a problem because t 
require a detailed, though not com 


critical area in terms of the analysis of fu’ 
transportation system needs. 


Intervening opportunities model 


by the researchers, provided very good 
sults. Several methods of calibration 1 


dures, the model was calibrated with 1] 
difficulty. No socio-economic adjustment 
tors were used. The trip purposes } 
defined by the intervening opportun 
model so that directional trips were m 
tained at all times. Fairly large river 
pedances were required and, as with 
gravity model, their projection was stra 
forward although detailed analysis was 
quired. However, even with the proje 


overestimated the 1955 Potomae River c¢: 
ings. Examination of the results and 


skim trees indicated that very little additi 


improvement could have been made 
with a higher impedance value. 


values change with time. 
reported here the change in Z value 


forecast as a function of the change in 


number of trips. Refinement in methoc 


forecasting these Z values will requiref 


finements in methods to project future 
lengths. 
in the application reported here. 
able research is currently underway on 

length trends. The University of Pen} 


vania, Institute for Urban Studies in coc 


ation with the Urban Planning Divisio 
the Bureau of Public Roads has ree 
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A draw ; 
in the use of this model is the fact that t}} 
In the ana 


Such a projection was not attem Q 
Cons eI 


i 
Ih 
ae 


pleted a research project, Trip Length 
“iations among Urban Activities and is 
cently undertaking a second project, 
p Length Variations among Urban Areas. 
.n additional point for consideration is the 
; that in the calibration phase, the inter- 
ing opportunities models for the individual 
) purposes do not necessarily reproduce the 
1 length frequency characteristics of the 
-esponding O-D trips. When the indi- 
ual purposes are summed to a total purpose 
trip length frequency characteristics are 
d because of compensating deviations in 
individual trip purposes. The explana- 
1 given for this situation is that in the 
yortunities model, trip purposes per se 
me not used but the survey trip purposes 
Oi fe used as a convenient way of grouping 
» ends to apply individual Z values. 
ps f iblems may arise when trips are distributed 
inpel] PULPOSE ; for example, when performing a 
dal split analysis. The Z value derived 
reat a single purpose would differ from the 
value used if the trip purpose were to be 
ibined with others to form a total trip 
In essence, the trip distributions 
purpose were meaningful only when 
aumed to a total trip purpose distribution. 

























npeting opportunities model 


ie he fact that the competing opportunities 
not be calibrated with the 


is was disappointing. Time bands of 
form width were not applicable and no 
ple procedure could be derived for select- 
nonuniform time bands. Many different 
il, |abinations of time bands were tried before 
womset was obtained that even approached 
d|viding correct trip length characteristics. 
ii Wen the different trial and error approaches 
‘i (arriving at appropriate time bands proved 





wajited to the accumulated available oppor- 
with 


vermined when the models were analyzed 
a common basis. The use of different 


» pdel trip distribution procedure should be 
jpplored as a means of eliminating the socio- 
ymnomic adjustment factors. As a first 
rempt, a five-purpose, true origin and 


destination purpose definition model con- 
sisting of (1) home to work trips, (2) work to 
home trips, (3) home to other trips, (4) other 
to home trips, and (5) nonhome based trips 
should be tried. 

Research is needed to develop more sophis- 
ticated procedures to adjust the base year L 
values to the future year for the intervening 
opportunities model. Certainly, better infor- 
mation on future trip length in terms of either 
miles or minutes would be very helpful. 
Also, some work is required to test the effect 
of the trip universe used on accuracy and the 
need to make adjustments to force all the 
trips to be sent. For example, the inclusion 
or exclusion of the external trip ends creates 
a slightly different set of intervening oppor- 
tunities for any given origin zone. 

Additional research is also needed in which 
the impedance effect on travel of physical or 
topographical features would be studied. 
More insight into basic causes of the imped- 
ance is essential for the development of com- 
prehensive techniques for projecting the 
impedance. The advantages of the purpose 
Fratar model, that is the more direct con- 
sideration of land use changes, must be 
investigated in relation to the resultant and 
very significant loss in expanded trips. 
Finally research is required to develop cali- 
bration procedures for the competing oppor- 
tunities model. 


Summary 


The overall accuracy of the gravity model 
was slightly better than the accuracy of the 
intervening opportunities model in base year 
simulation and in forecasting. But more 
parameters were used in the gravity model 
calibration. When socio-economic adjust- 
ment factors were used, the gravity model test 
results had less error than the intervening 
opportunities model when trips by sector to 
the CBD were examined. However, better 
results were obtained from the opportunities 
model than from the unadjusted gravity 
model. The cause of this difference in results 
from the two models is not definite but may 
have been either the conceptual basis of the 
models or the trip purpose stratifications used. 
The intervening opportunities model was 
slightly less difficult to calibrate than the 
gravity model because fewer parameters were 
used. However, adjustments required for 
future Z values reduced this advantage in 
making the forecasts. The gravity and inter- 
vening opportunities models proved to be 
about equal in reliability and utility in simu- 
lating the 1948 and 1955 trip distributions for 
Washington, D.C. 

The Fratar growth factor procedure was 
useful in correctly expanding trips for stable 
areas but had significant weaknesses related 
to areas undergoing land use changes. The 


concentration of error for areas experiencing 
growth in trips emphasizes the need for supple- 
mental procedures to provide a base year 
synthesized trip pattern for such areas. The 
magnitude of this problem in relation to the 
favorable results attained with the gravity and 
intervening opportunities models indicates 
that the use of a travel model provides a 
more direct and efficient approach to trip 
distribution for growing urban areas. It was 
not possible to adequately calibrate the com- 
peting opportunities model for use in deter- 
mining trip distributions between areas as 
small as the traffic zones used in Washington, 
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Two new publications have recently been 
completed by the Bureau of Public Roads; 
both may be purchased from the Superin- 
tendent of Documents, U.S. Government 
Printing Office, Washington, D.C., 20402, pre- 
paid. A brief description of each publication 
and its purchase price is given in the following 
paragraphs. 


Highway Statistics, 1964 
Highway Statistics, 1964 ($1.00 a copy), 
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NEW PUBLICATIONS 


a 173-page publication, is the 20th in the 
annual series that presents statistical and 
analytical tables of general interest on motor 
fuel, motor vehicles, highway-user taxation, 
State and local highway financing, road and 
street mileage, and Federal aid for highways. 
Some of the previous annual issues of the 
series also are available from the Superin- 
tendent of Documents; a list of available 
issues and their purchase prices is carried 
on the inside back cover of this magazine. 


— 


Highways to Beauty 








The brochure, in color, of Highways 
Beauty (20 cents a copy) explains in bro 
terms the general goals and provisions — 
“The Highway Beautification Act of 196! 
This brochure was prepared because of 1 
interest of the industries and conservati 
groups, who may be affected by its provisio 
and of the general public. 
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list of the more important articles in PuBLic Roaps and title 
ts for volumes 24-33 are available upon request addressed to 
eau of Public Roads, Washington, D.C., 20285. 

he following publications are sold by the Superintendent of 
uments, Government Printing Office, Washington, D.C., 20402. 
ors should be sent direct to the Superintendent of Documents. 
rnayment is required. 


YWUAL REPORTS 


ual Reports of the Bureau of Public Roads: 
160, 835 cents. 1968, 35 cents. 1964, 35 cents. 1965, 40 cents. 


‘| (Other years are now out of print. ) 


*ORTS TO CONGRESS 


eral Role in Highway Safety, House Document No. 98 (1959). 
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away Cost Allocation Study : 
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